Epoxy-bismaleimide systems: network development and structure, and effect of these on water interactions and thermal-oxidative stability by Pellegrino Musto (1784020)
 
 
 
This item was submitted to Loughborough University as a PhD thesis by the 
author and is made available in the Institutional Repository 
(https://dspace.lboro.ac.uk/) under the following Creative Commons Licence 
conditions. 
 
 
 
 
 
For the full text of this licence, please go to: 
http://creativecommons.org/licenses/by-nc-nd/2.5/ 
 
Pilkington Library 
~ Lol;Ighbprough 
.,UmversIty 
AuthorlFiling Title ..... M .':'§.""I.~ .......................... . 
-r Vol. No. ......... ... Class Mark .......................... . 
Please note that fines are charged on ALL 
overdue items. 
( 0402397339 
1 
I 
\ 111111111111111 " 11 I 1111111111111 
EPOXY -BISMALEIMIDE SYSTEMS: 
NETWORK DEVELOPMENT AND STRUCTURE, 
AND EFFECT OF THESE ON WATER INTERACTIONS 
AND THERMAL-OXIDATIVE STABILITY 
by 
PELLEGRINO MUSTO 
A DOCTORAL THESIS 
Submitted in partial fulfilment of the requirements for the award of Doctor 
of Philosophy of the Loughb?rough University 
.2000 
" .. 
n . ~ 
Supervisor: Or. L. Mascia 
© by P. Musto 2000 
Date M o..r c:Sl 
--.... . ,~" ' ..... -........... _--11 
CIIliS 
1--_ .... _--
Ace 
No. O{c2.3q 733 
ACKNOWLEDGEMENTS 
I wish to thank Dr. 1. Mascia, my supervIsor, for his valuable guidance and continuing 
support throughout the realization of this work. 
Thanks are due to Dr. P. Russo for his help in performing the dynamic-mechanical 
measurements and to Dr. G. Scarinzi for assistance with the gravimetric sorption tests. I am 
also grateful to Dr. G. Ragosta for many valuable discussions. 
TABLE OF CONTENTS 
1. INTRODUCTION ............................................................................................ 1 
1.1. Epoxy resins: properties and applications ....................................................................... 1 
1.2. Principal synthetic routes .................................................................................................. 2 
1.3. Hardeners for epoxy resins ............................................................................................... 5 
1.3.1. Aliphatic amines .................................................................................................. 5 
1.3.2. Aromatic amines .................................................................................................. 7 
1.3.3. Acids and anhydrides .......................................................................................... 8 
1.4. Thermosetting bismaleimides ..................................................... ~ ................................... 11 
1.5. Aims and objectives of the investigation ........................................................................ 17 
2. LITERATURE SURVEy .............................................................................. 20 
2.1. Curing kinetics ... : ............................................................................................................. 20 
2.2. Time-Temperature-Transformation (TTT) diagrams .................................................. 26 
2.3. Toughness enhancement.. .................................................................. : ............................. 32 
2.4. Water sorption and its effect on physical properties .................................................... 34 
2.5. Thermal and thermal-oxidative degradation ................................................................ 39 
2.6. Curing mechanism of thermosetting bismaleimides ................................................... ..41 
2.7. Epoxy/bismaleimide systems .......................................................................................... .43 
3. EXPERIMENTAL ........................................................................................ .46 
3.1. Materials .......................................................... : ............................................................... .46 
3.2. Preparation procedures .................................................. 2 .............................................. .46 
3.2.1. Preparation of the TGDDlVUDDS resin .......................................................... .47 
3.2.2. Preparation of a typical TGDDMmDSIBMI mixture .................................. .47 
3.2.3. Preparation of the samples for FTIR spectroscopy examination ................ .48 
3.3. Techniques ....................................................................................................................... .49 
3.3.1. FTIR spectroscopy in the MlR range ............................................................. .49 
3.3.2. FTIR spectroscopy in the NIR range ............................................................... 50 
3.3.3. Gravimetric sorption measurements ............................................................... 52 
3.3.4. Dynamic-mechanical measurements ............................................................... 52 
3.3.5. Thermogravimetric measurements .................................................................. 52 
3.4. Data analysis ..................................................................................................................... 53 
4. RESUL TS ...................................................................................................... .55 
4.1. Dynamic-mechanical analysis ......................................................................................... 55 
4.2. The infrared spectra of the system components and their interpretation .................. 58 
4.3. Curing kinetics ................................................................................................................. 73 
4.3.1. The TGDDM/DDS resin ................................................................................... 73 
4.3.2. The resin TGDDMlDDSIBMI 100/30/100 weight ratio ................................. 81 
4.3.3. The resin TGDDM/DDS 50/50 weight ratio .................................................... 86 
4.4. Modelling the curing kinetics .......................................................................................... 87 
4.5. Water diffusion in binary and ternary mixtures ........................................................... 95 
4.5.1. Gravimetric measurements .............................................................................. 95 
4.5.2. Spectroscopic determination of the water diffusion parameters .................. 98 
4.5.3. Molecular interactions between water and the polymeric networks .......... 1 09 
4.6. The thermal-oxidative degradation of TGDDM/DDS and TGDDMIDDS/BMI 
resins .................................................................................................................................. 124 
4.6.1. Thermogravimetric analysis ................................................ { .......................... 124 
4.6.2. Spectroscopic analysis ..................................................................................... 128 
5. DISCUSSION ............................................................................................... 147 
5.1. Molecular structure ofTGDDM/DDSIBMI networks ................................................ 147 
5.2. Interaction of the networks with water ........................................................................ 152 
5.2.1. Transport properties ........................................... :: .................................... : ..... 152 
5.2.2. Molecular interactions .................................................................................... 155 
5.3. Thermal-oxidative degradation: kinetics and mechanism ......................................... 158 
6. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK ...... 167 
6.1. Conclusions ..................................................................................................................... 167 
6.2. Suggestions for further work ........................................................................................ 169 
REFEREN CES ................................................................................................. 171 
Abstract 
The kinetics and mechanism of curing of a multicomponent thermosetting system based on 
tetraglycidyl-4,4' diaminodiphenylmethane (TGDDM) and N,N'-bismaleimido-4,4'-
diphenylmethane (BM I), cured in the presence of 4,4'-diaminodiphenylsulfone (DDS), has 
been investigated by Fourier transform infrared (FTIR) spectroscopy. It has been shown that 
two chemically distinct networks are formed upon curing, the one being due to the 
homopolymerization of BMI and the other to the addition reaction between TGDDM and 
DDS. Dynamic-mechanical measurements suggested that, despite the different growing rates 
of the two networks, they are highly interpenetrated and form a single phase, molecularly 
homogeneous system. 
Water sorption and desorption experiments, performed either gravimetrically or 
spectroscopically (FT -NIR) have shown that the presence of BMI in the mixtures reduces the 
total amount of water absorbed at equilibrium, while increasing the diffusion coefficient. FT-
NIR spectroscopy has also been used to obtain molecular level information on the water 
absorbed in the various investigated mixtures. This analysis has confirmed that the total 
amount of water absorbed has a dual nature. A fraction of it is dissolved molecularly, forming 
strong hydrogen bonding interactions with specific sites on the network (bound water). The 
remaining part is confined into pre-existing microvoids and is characterised by a elevated 
mobility (free water). It has been demonstrated that the presence of BMI in the network 
..... 
causes a considerable reduction of the amount of bound water which is responsible for the 
network plasticization, in accordance with the essentially hydrophobic nature of the BMI 
monomer. 
The thermal-oxidative stability of the TGDDMIDDSIBMI system has been investigated, as 
a function of the mixture composition, by thermogravimetric analysis (TGA), which has 
revealed a considerable enhancement of the stability of the material as the BMI content is 
increased. Isothermal FTIR measurements permitted to monitor in-situ the thermal-
degradation processes and to obtain reliable kinetic data. These data, together with the 
analysis of the time evolution of the infrared spectra, have allowed us to obtain information 
on the complex reaction mechanism which is responsible for the observed degradation for 
both the binary TGDDMIDDS resin and for a typical composition of the ternary 
TGDDM/DDSIBMI mixture. 
1. INTRODUCTION 
1.1 Epoxy resins: properties and applications 
Epoxy resins derive their name from the functional groups present in their structure, 
normally varying from 2 to 4, 
which is known as an epoxy or oxirane ring. 
The commercially available epoxy resins contain aliphatic, cycloaliphatic, or aromatic 
backbones. The reactivity of the epoxy functionality due to the strained ring, makes it possible 
to use a wide variety of curing agents (hardeners), so that the final properties of the cross-
linked products will depend on the structure of the hardener used. 
To modify some specific characteristics of the cured resins, other constituents are 
sometimes included in a formulation: fillers, solvents, diluents, plasticizers and accelerators. 
The principal characteristics of epoxy resins, which make them very attractive 
commercially are the high resistance to chemicals and corrosive agents, good mechanical and 
thermal properties, outstanding adhesion to various substrates, low shrinkage upon cure, 
flexibility, good electrical properties and ease of being processed under a wide range of 
conditions. 
Epoxy reSInS were first offered commercially in 1946 and are now used in a wide 
variety of industries as protective coatings or in structural applications such as laminates and 
composites, tooling, moulding, casting, construction, bonding and adhesives and others. 
Protective coatings account for nearly 50 % of the total c~JDsumption of the epoxy resins 
in the USA. These products are durable and provide outstanding adhesion to many substrates 
(glass, metals, wood). Solvent-resistant and corrosion-resistant films are obtained by curing 
low molecular weight epoxies with aliphatic polyamines at ambient temperature. These 
products are best suited for marine and maintenance coatings where corrosion resistance is 
required. Higher molecular weight solid epoxy resins are used in industrial coatings when 
maximum resistance to solvents and corrosives is required, as for example, in appliance and 
coil primers and in automotive coatings. These products are cured at elevated temperatures 
(I 77-204°C for 15-30 min) in the presence of acidic catalysts. Powder coating also represents 
a relevant segment of the market, which increases at a considerable rate. The need to develop 
more specialized coatings for highly aggressive environments such as nuclear waste 
management, oil recovery pipes, pulp and paper mills and others, will provide opportunities to 
sustain the growth pattern of epoxy resins and the research efforts in this area. 
The fastest growth over the past decade has been in laminates and composites. The 
enormous development of the electronic market has fired the demand for high performance 
thermosetting resins, and the epoxies constitute the workhorse encapsulant and underfill agent 
in the mounting of chip assemblies to the printed circuit board. Furthermore, the printed 
circuit itself is generally an eioxy/glass fibre composite. 
Composites based on advanced epoxy matrices find increasing usage In the 
transportation industry, particularly in very specialized areas such as in military and 
commercial aircraft industry, in aerospace applications, in the marine and automotive sectors, 
and, more generally, anywhere a high strength-to-weight ratio and an outstanding resistance to 
extreme service conditions are required. For instance, epoxy based composites are the 
materials of choice in airframe construction: approximately 60 % of the total external surface 
area, or 19 % of the total weight of the US Navy's F/A-18 ElF aircraft consists of an epoxy-
carbon fibre composite (i). The presence of epoxy resin in these restricted but highly 
rewarding segments of the market is growing at a steady rate, which is expected to increase 
further in the near future. 
1.2. Principal synthetic routes 
Historically, this very important class of materials was first discovered by P. Castan (2) 
in Switzerland and, independently, by S. Greenlee (3) in the United States in the early 1940s. 
The new materials immediately showed very interesting characteristics and soon after 
their discovery were patented and commercialised. 
, 
The earliest epoxy resins introduced on the market were the reaction products of 
bisphenol A and epichlorohydrin and this is still the major route for the manufacture of the 
resins available today: 
2 
I 
Bisphenol A (BPA) 
Albli 
MOH 
Epkhtorohydrin 
Diglycidyl ether ofbisphenol A 
(DGEBPA) 
Catalyst 
.PA 
A very large number of hydroxyl compounds have been reacted with epichloridrin to 
synthesise new epoxy resins but, interestingly enough, the most important phenol used today 
remains bisphenol A, originally studied by Castan (2). The more important precursors 
currently in use are reported in Table I. Of particular interest are the halogenated phenolic 
compounds which provide improved flame resistance. 
Table I. Phenols used for the synthesis of epoxy resins 
l. Bisphenol-A (BP A) 
2. Bisphenol-F 
3. Bisphenol-S 
3 
4. Resorcinol 
5. Methyblated phenol 
6. Novolacs 
7. Brominated and fluorinated phenols 
,,~~, 
Br Br 
Molecules bearing the amino groups are also reactive towards the epichlorohydrin and 
have been tested as potential precursors for epoxy resins. In particular, the resin produced by 
one of these compounds, 4,4' diamino-diphenylmethane readily showed very interesting 
properties and has now gained a prominent position in industry (4, 9, 10). Its molecular 
structure is: 
Tetraglycidyl-diaminodiphenylmethane (TGDDM) 
The excellent properties of this resin are ultimately due to its high functionality (four 
epoxy groups per monomer) which produce, upon curing, a very tight network, with an 
extremely" high ·cross-link density. In turn this high functionality results from the reactivity of 
both the primary and secondary amino hydrogens towards epichlorohydrin. 
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1.3 Hardeners for epoxy resins 
In order to convert epoxy resins into hard, infusible thermoset networks it is necessary 
to use cross linking agents, also referred to in the technical and scientific literature as 
hardeners or curing agents. They may either initiate the curing process through their catalytic 
activity (catalytic hardeners) or may react with the epoxy monomer via a polyaddition 
/copolymerization reaction. 
Among the wide variety of hardeners available nowadays, the most important are briefly 
described: 
1.3.1 Aliphatic amines 
ethylenediamine (EDA) and derivatives (diethylene triamine, DETA; 
triethylenetetramine, TET A) were among the first curing agents reported by Greenlee for use 
with epoxy resins (3). 
H2NfCH2CH2NH7xH 
General fonnula 
x ~ I. ethylenediamine (EDA) 
x ~ 2, diethylenetriamine (DETA) 
x ~ 3, triethylenetetramine (TETA) 
The mechanism of cure typifies the reaction between epoxy resins and all primary and 
secondary amines; their reaction rate is faster, however, than cycloaliphatic and aromatic 
poly-amines, particularly at room temperature (11) .. 
+ 
OH 
R,-NH-CH2-tH-CH2-R2 
/CH2-~:-CH2-R2 
R,-N 
tH2-CH-CH2-R2 6H 
5 
When the epoxy is a diepoxy and the amine is a diamine, the resulting product is a three 
dimensional network. 
It is well known that the addition of hydroxyl-containing compounds considerably 
promotes the interactions of epoxy groups with amines and other nucleophilic reagents (4, 12, 
13, 14). 
The reaction proceeds through a trimolecular transition state initially suggested by 
Smith (15,16): 
Also, the hydroxyl groups generated during cure accelerate the reaction, which accounts 
for the autocatalytic nature of the curing process. The more acidic these groups are, the more 
effective: hydroxylic accelerators or hydrogen donors capable of catalysing the amine epoxy 
reaction in decreasing order of efficiency are: -OH (Ar » PhCH, > RCH, > H); -CO,H; -
SO,H; -CONH,; -SO,NH,. 
Ethylenediamines are highly reactive due to their unhindered polyfunctional nature (2, 
4, 8, 9, 10). They give rise to tightly cross-linked networks owing to the short chain distance 
between the active sites. Therefore, the cured resins exhibit excellent solvent resistance and 
mechanical strength, but limited flexibility. Their low molecular weight results in low 
viscosities, but also high vapour pressures, which'renders these compounds corrosive, irritant 
to the skin, and, in general, to xi co logically dangerous. They are also hygroscopic and have 
poor compatibility with epoxy resins (9, 10). 
A simple technique to overcome these limitations consists of reacting the 
ethylenediamine with carboxylic acids. Condensation of the higher homologues of the 
ethyleneamine series with dimerized or polymerised unsaturated fatty acids, leads to the 
widely used family of curing agents known as polyamides (17 - 19). A range of hardeners of 
this type is commercially available, based upon different fatty acid/amine ratios. They exhibit 
different molecular weights, physical form, amine content and reactivity, but all have in 
common low volatility. By adjusting the system's stoichiometry, the final properties of the 
6 
cured resins may be varied from hard and rigid at below stoichiometry to flexible and soft 
around or above stoichiometry. The problems with these curing agents are due to their 
reduced reactivity, particularly at room temperature, and to the tendency to give greasy cures 
because of exudation. Addition of tertiary amines, phenolic amines or co-curing agents can 
help to reduce both of these defects (18). 
1.3.2. Aromatic amines 
Another very important class of hardeners for epoxy resins are the aromatic polyamines 
(20,21): 
Meta-phenylenediamine (MPO) 
H2N-o-CH2--<Q:>-NH2 
4,4'·diaminodiphenylmethane (OOM) 
RI, R4 ~ NH2; R2, RJ ~ H; 4,4'-diaminodiphenj<lsulfone 
RI, R4 ~ H; R2, RJ ~ NH2; 3,3'-diaminodiphenylsulfone 
These are less basic than aliphatic or cycloaJiphatic polyamines and react slowly with 
the oxirane ring. Therefore they are used for curing processes at elevated temperatures (heat-
cured hardeners) and, even in these conditions, require long periods to obtain optimum results 
(4,22, 23). However, all the resin systems cured in this way provide excellent resistance to a 
wide variety of chemicals, including organic and inorganic acids, coupled with an outstanding 
temperature stability, due to the high values of the glass transition temperature. Therefore 
these hardeners are preferred whenever the materials are subjected to severe conditions during 
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their service life. Most of the aromatic amines are solids at room temperature and, to be 
properly mixed with liquid epoxy resins, are liquefied by the formation of eutectic mixtures 
or, less frequently, by blending with liquid cycioaliphatic polyamines (4, 6, 8-10, 20). In this 
class of hardeners, MPO provides the highest cross-link density and the best solvent resistance 
(20). The low polarity of OOM makes it an excellent curing agent for electrical and electronic 
applications. In fact it imparts to the resin elevated electrical insulation properties, combined 
with high retention of mechanical properties, even under conditions of high humidity (21). 
ODM is still the most widely used of the aromatic amines, but it has been recently 
identified as an animal carcinogen and potential human carcinogen (24) and, for many 
applications is being replaced by other types of curing agents. 
4,4' -DOS has the main advantage of providing the highest temperature stability; it has 
become the standard curing agent for specialised epoxy resins such as TGDDM in high 
temperature tooling and high performance military and aerospace laminating applications (8, 
9, 25, 26). Because of the outstanding properties it imparts to the epoxy resins, it is the 
hardener of choice to be used in connection with the TGODM mono mer in the present work. 
3,3' -DDS, despite its reduced heat resistance compared with its 4,4' analogue, has been 
adopted in certain aerospace laminating applications because of its enhanced honeycomb peel 
strength (4, 10). 
1.3.3. Acids and anhydrides 
A further class of curing agents for epoxy resins are carboxylic acids and anhydrides. 
They react at high temperatures and require prolonged periods to reach completion, but 
provide resins with good dimensional stability and insulating properties and high optical 
clarity (9, 10, 27). The curing mechanism is more complex than that of the amines, since a 
, 
number of competing side reaction may occur, .especially in the· presence of accelerators. 
The uncatalysed reaction mechanism is initiated by the opening of the anhydride ring by 
a hydroxyl group present as impurity on the epoxy backbone, with the fonnation of a half-
ester carboxylic acid group. This functionality reacts with an epoxy group to form a di-ester 
alcohol, which can continue the polymerisation process either by esterification with another 
anhydride group or by etherification with an epoxy ring. The latter reaction is favoured and, in 
fact, in normal conditions, only 0.85 equivalents of anhydride are required to provide 
optimum cross-link densities and properties. 
8 
Lewis bases such as tertiary ammes and imidazoles are widely used as anhydride 
accelerators (32, 33). The mechanism involves the anhydride ring opening with the formation 
of internal salts (betaines), which initiate the curing process. The resulting carboxylate ions 
react with an epoxy group to form alkoxide ester, which in turn react with further anhydride 
molecules to form carboxylate anion functional esters. Iteration of this sequence leads to the 
formation of a cross-linked polyester (34-36). No etherification reactions are involved in this 
mechanism. Lewis acids such as BF,-amine complexes, are also catalysts for the epoxy-
anhydride reaction, although a fully satisfactory mechanism remains to be proposed. 
However, this kind of catalyst strongly favours the etherification reaction and in fact as little 
as 0.5 equivalents of anhydride per epoxy equivalent are found to provide optimum cured 
properties. 
Scheme a 
Mechanism of cure of uncatalysed anhydrides (28-31) 
coo-cHfcH20R)2 
COo-CHlH-CH,oR 
CH2--CH-CH2-0R 
ilH 
9 
Scheme b 
Mechanism of cure ofLewis base catalysed anhydrides (34-37) 
+ NR) - [
CON+R3 0 
. /\ 
coo + CH,--CH-CH,-OR 
1 
+ 
The most important dicarboxylic acid anhydrides used as epoxy hardeners are 
cycloaliphatic, with the notable exception of Phthalic anhydride (PA). PAis the least 
expensive but has the disadvantage of being difficult to handle due to its tendency to sublime; 
its hydrogenated derivatives Hexahydrophthalic anhydride (HHPA) and Tetrahydrophthalic 
anhydride (THPA) are used extensively for electrical applications (4, 6, 9,10). 
o ~o ~o 
o . 0 
PA THPA HHPA 
HHP A is a low melting point liquid which does not sublime and fonns low viscosity 
liquid eutectic mixtures with the epoxy resins. THP A gives products with properties very 
similar to HHP A, but darker in colour. The methyl derivatives of the above compounds also 
find applications in filament wounding pipe manufacture, electrical casting, encapsulation and 
impregnation. 
Another important anhydride hardener is the methylendomethylene. tetrahydrophthalic 
anhydride (METHPA), more commonly known as nadic methyl anhydride (MNA): 
10 
MTHPA 
orMNA 
Cl 
Cl 
HET 
It is used in components which require retention of electrical properties at high temperature 
(4,9, 10). The excellent properties it imparts to the cured resins are due to the rigidity of the 
fused cyc10aliphatic ring backbone. 
Finally it is worth mentioning the hexachloro endomethylene tetrahydrophthalic anhydride 
(HET), or chloroendic anhydride as it is also known, which, like MNA, has a fused ring 
structure and, in addition, substituent chlorine atoms which confer flame retardancy for 
electrical laminates and casting applications (9, 10). 
1.4. Thermosetting bismaleimides 
Polyimides are a class of heat resistant materials characterised by such desirable 
properties as an outstanding thermal-oxidative stability, low tendency to absorb moisture, 
resistance to chemical attack, excellent retention of mechanical properties at elevated 
temperatures, almost constant electrical properties over a wide range of temperatures, both 
due to the high Tg of the cured resin. Also notable, for composite applications, are the very 
good fire, smoke and toxicity properties, particularly in the case of the thermosetting 
bismaleimides (BMIs) (198-203). In fact some BMI/carbon fibre laminates have achieved 
very good rating and hence are suitable for interior furnishing of commercial aircrafts. 
These materials are extremely brittle, however, ahd often require substantial 
modifications to improve the toughness (202-204). In Table 2 are reported the properties of a 
typical thermosetting bismaleimide resin either in the pure form or in several, commercially 
available formulations containing various amounts of a toughening agent. In Fig. I are 
compared the maximum service temperatures for epoxy and bismaleimide based composites. 
The enhancement of temperature stability of the latter systems with respect to the more 
conventional epoxy matrices, is evident. 
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Table II Properties of bismaleimide copolymers (202). 
Composition 
Resin Toughener Flexural strength Flexural Mod. G1c Tg 
% Type % (MPa) (GPa) (J/m2) (0C) 
23°C 250°C 23°C 250°C DMA TMA 
100 76 31 4.64 3.03 63 ~300 
82 TMI22 18 98 70 3.99 2.93 185 285 
60 TMI22 40 114 73 3.58 2.15 267 256 
80 TM122-1 20 87 56 3.85 2.82 234 300 
60 TM122-1 40 128 83 3.49 2.38 378 277 
80 TMI23 20 106 65 3.96 2.66 191 275 266 
60 TMI23 40 132 56 3.70 1.71 439 261 249 
80 TM123-1 20 114 78 4.17 2.47 247 273 252 
60 TM123-1 40 122 81 3.59 2.44 466 265 260 
TM 122 - 4,4 'bis(o-propenylphenoxy)diphenylslIlphone 
TM 122-1 = 4,4 'bis(o-methoxy-p-propenylphenoxy)diphenylslI/fone 
TMI23 = 4,4 'bis(o-propenylphenoxy)benzophenone 
TM123-1 = 4,4 'bis(o-methoxy-p-propenylphenoxy)benzophenone 
Epoxy Bismaleimide Polyimide 
Fig l. Use temperatures for resin-matrix composites (208) 
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20 I). Some types of polyimides are also used as high temperature adhesive systems (200) 
when superior and long term thermal and environmental durability is required. They are also 
considered for high temperature insulation in the microelectronic industry (208-210) because 
of their capability to survive the processing temperatures encounterd in microelectronic 
fabrication. Their use as electrical insulating layers is also suggested, on the basis of the low 
dielectric constant and dimensional stability at elevated temperatures. 
Polyimides can be divided in two main classes: 
• Linear, high molecular weight polyimides. These are prepared by reacting a 
tetracarboxylic acid dianhydride with an aromatic diamine in a polar, aprotic solvent such as 
N,N'-dimethylformamide (DMF), N,N'-dimethylacetamide (DMAC) or N-methylpyrrolidone 
(NMP) at IS to 75c C 
+ H2N-Ar'-NH2 
o 0 
OH-~ ~-NH-Ar' \ 
,/ T Ar n 
+NH-( '~-OH --
- H20 
-
The poly(amic acid) thus formed is then cyclodehydrated to the corresponding 
polyimide by extended heating at elevated temperatures or by treatment with chemical 
dehydrating agents. Since polyimides, in general, are, insoluble and infusible, they are usually 
processed in the form of the poly (amic acid) and subsequently imidised thermally in place . 
• Thermosetting polyimides. According to Stenzenberger (202) these resins can be 
conveniently defined as low molecular weight, at least difunctional monomers or prepolymers 
or mixtures thereof, carrying the imide functionalitiy in their structure. Such structures are 
terminated by reactive groups which undergo homo- and/or copolymerisation by thermal or 
catalytic means. 
Like the more conventional thermosetting resins such as unsaturated polyesters and 
epoxies, which cross-link without by-product formation, bismaleimides cure without 
13 
generation of volatiles. The driving force for the development of these materials has been the 
need for resins with improved thermal stability over unsaturated polyesters, phenolics and 
epoxies. Thus, a great variety of structurally different thermosetting polyimides have been 
synthesised and characterised. All were based, according to the definition given above, on a 
tetracarboxylic acid dianhydride, an aromatic diamine and few types of appropriate 
monofunctional end-cappers, which carry a functional group capable of polymerise, 
copolymerise or cross-link. 
Presently, thermosetting bismaleimides are further classified according to the nature of 
the reactive end-capper. Thus, for example, imide-prepolymers containing terminal acetylene 
groups belong to the category of acetylene-terminated polyimides. Analogously we have 
benzocyclobutene-terminated polyimides, bis (allylnadic) imides and bismaleimides or 
copolymers (202). Bismaleimides (BMls) may be considered the most important class of 
thermosetting polyimides. They offer an excellent balance of thermal and mechanical 
properties (202-204) which has gained them a prominent position in advanced composites 
applications (200-202, 207) and in electronics (208-210). 
The BMI general formula is the following: 
where Ar" ~ 
-<Q)-cH~ 
(Q) , 
-©-
X= 
Products with this type of structure are prepared from pyromellitic acid dianhydride, an 
aromatic diamine and maleic anhydride as end-capper. The reaction is carried out in DMF and 
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the cyclodehydration occurrs either by heating the solution at 120°C or, chemically, with 
acetic anhydride, using sodium acetate as catalyst, at temperatures below 80°C (207): 
o 0 
11 11 
2 + 
CC-OH H0-C 
C-NH-Ar-NH-C) 
11 11 
o 0 
NaAc 4-Ar- N? acetic anhydride 
o 0 
Under these conditions the yield of the reaction, in the form of pure recrystallysed BMI 
powder is rather low, being in the range 65-75 % (202, 207). The low yield is to be ascribed to 
a number of competing side reactions such as isoimide formation, and constitutes a 
technological problem. 
The reactivity of cyclic anhydrides towards the amme functionality is so high that 
almost every aromatic diamine can be converted into the corresponding bismaleimide (200, 
202, 207). However the currently available formulations are all based on very simple and low 
cost diamines, and are of low molecular weight. In most instances the value of n in the general 
formula reported previously, is zero. 
The more extensively investigated building blocks for thermosetting BMIs are reported 
, 
m Table Ill. Of these structures, the most widely applied is by far that based on 4,4'-
bismaleimido diphenyl methane, whose precursor diamine is readily available at low cost 
(24). 
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Table Ill. Structure and properties of bismaleimides (202) 
-R-
-@-cH,---@-
--b--cH~ 
O-eH,---@-
~H~ 
~~ 
-fr~ 
-o-!~ 
~ 
Mp = melting point 
Tma.r; = cure exotherm maximum 
L1H max = polymerization enthalpy 
4-H~ 
o 0 
155 - 157 
195 - 196 
164 - 165 
210-212 
150-154 
149 - 151 
235 
90 - 100 
i1Hpol (JIg) 
235 198 
298 187 
328 206 
290 216 
203. 89 
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1.5. Aims and objectives of the investigation 
The aim of the present investigation is to evaluate some specific properties and to 
characterise the network of a high performance thermosetting resin system, consisting of a 
mixture of a tetrafunctional epoxy resin and a bismaleimide resin. 
More specifically, the resin system consists of a mixture of tetraglycidyl-4,4'-
diaminodiphenyl methane (TGDDM), 4,4'- bismaleimidodiphenylmethane (BM!), and 4,4'-
diamino diphenylsulphone (DDS) as curing agent. 
The main objective of this research project is to combine, in a single system, the 
desirable properties of the two thermosetting components, so as to reduce the limitations of 
the two single resins. 
In particular, the TGDDM resin is claimed to exhibit the following attributes: 
• excellent rigidity and tensile strength 
• high Tg 
• good chemical resistance towards organic solvents 
The limitations of this resin are: 
• high moisture absorption 
• inadequate thermal-oxidative stability for very demanding applications 
• poor flame resistance and release of toxic gases upon combustion. 
The BM! system, on the other hand, has the following advantages, in addition to a very 
high T g and high rigidity: 
• very good thermal and thermal-oxidation stability 
• low water absorption 
• very good flame resistance, with low toxicity and smoke release 
The disadvantages of the BM! resin are: 
• High melting point, which makes it difficult to be processed. 
• Poor adhesion to various substrates and fillers due to the absence of polar groups, 
such as hydroxyls or amines. 
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Another objective of this study is to provide a basic understanding of the chemistry of 
the system in order to be able to predict the molecular structure of the network and, 
eventually, to control its final properties. In such system several cross-linking reactions may 
occur, either simultaneously or at different stages of the curing process, depending on the 
mixture composition, the relative reactivity of the components and the curing temperature. 
While the TGDDM monomer may only react with DDS according to the mechanism reported 
previously, the BMI component may either undergo a Michael-type addition reaction with the 
aromatic amine' or may polymerize independently according to a radical initiated addition 
process. Therefore, in principle, the hardener may react with both thermosetting resins. If the 
amine reacts simultaneously with TGDDM and BMI, a single, bicomponent network would 
result, in the form of a TGDDMlDDSIBMI copolymer. On the other hand, if 
homopolymerization of BM I prevails, an IPN-like structure is to be expected. One of the main 
objectives of the present work is to elucidate the molecular structure of the 
TGDDMlDDSIBMI networks. This is to be accomplished through a detailed study of the 
kinetics of the curing process, using time-resolved Fourier Transform Infrared Spectroscopy 
(FTIR). This approach is expected to provide information on the time evolution of the 
different reactive species, so as to obtain a complete picture of the curing mechanism taking 
place in these systems. Further information on the molecular structure is to be gathered from 
dynamic-mechanical investigations, which are expected to reveal details about the phase 
structure of the networks. 
An additional objective of the present work is the study of the water sorption 
characteristics of the BMI modified networks, in comparison to those of the unmodified 
epoxy resin. Thus, the various materials are to be tested for moisture sorption by conventional 
gravimetric methods and by spectroscopic techniques. Beside the determination of the 
, 
absolute parameters of the diffusion process (diffusion coefficients, D, activation energy for 
diffusion, Ea) which will be necessary for a quantitative evaluation of the effect of BMI in 
reducing the water sorption, a deeper understanding of the mechanisms governing water 
diffusion in epoxy based systems is to be achieved from the aforementioned examinations. 
In particular, the state of aggregation of the penetrant molecules and the nature of the 
molecular interactions between the penetrant and the active sites present into the networks are 
to be investigated by means of FTIR spectroscopy measurements in the near infrared 
frequency range (NIR, 8000 - 4000 cm"). These interactions, in fact, are believed to play a 
fundamental role in controlling the diffusion process. 
18 
Finally, the thermal-oxidative degradation of a pure TGDDM resin is to be investigated 
and compared with that of the BM! containing formulations. Thermogravimetric analysis has 
to be employed in order to obtain a preliminary comparison between the stabilities of the 
different networks. For a more detailed analysis, lime-resolved, isothermal FTIR 
measurements are planned. These are expected to provide the concentration versus time 
curves of the various groups involved in the degradation process. This information will permit 
to rank the various functionalities according to their relative stability and to obtain useful 
information about the kinetics and mechanisms of the thermal-oxidation process. In turn, the 
mechanistic information may prove useful for developing a suitable strategy for the 
stabilization of these systems against the oxygen attack. 
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2. LITERATURE SURVEY 
2.1 Curing kinetics 
The curing of a thermosetting epoxy resm IS a complex process whose full 
characterisation involves many aspects and different experimental techniques. During cure a 
liquid resinlhardener mixture undergoes a transition to a solid passing through a gel state. 
Important features of this process are the gelation and the onset of vitrification. These will be 
discussed in more detail in the paragraph on the time-temperature-transformation (TTT) 
diagrams. Vitrification is a key factor, since the T, is the parameter which ultimately controls 
the end-properties of the material. Vitrification occurs as the T, of the curing system 
approaches the cure temperature, T,. The glass transition temperature is a function of the 
extent of reaction, X" defined as: 
(I) 
where Eo and E(I) represent the concentrations of epoxy groups at time zero and at cure 
time I. This parameter has been used extensively as a measure of the extent of reaction (38, 
39). As the difference between the cure temperature and the glass transition temperature (L1 T = 
T, - T,) becomes small, the molecular mobility of the reactants rapidly decreases and the 
reactions become diffusion controlled. Curing may continue at a very slow rate even for 
negative values of L1T, so that T, becomes greater than T,. Initially, when T, > Tg, the rates of 
the curing reactions are controlled by chemical kinetics. 
In order to predict the evolution of these complex systems it is important to develop 
models able to simulate their behaviour. Two different approaches have been devised for this 
purpose: 
• Generalised empirical rate equations. 
• Rate equations derived from proposed chemical mechanisms. 
Both of these approaches will be considered in some detail. 
Let us consider first the kinetics of the curing process with amllle hardeners (17): 
schematically, the possible reaction steps are the following: 
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OH 
I 
+ H-N-H I 
-C-CH2-N- H 
I 
where k,o is the rate constant of the uncatalysed reaction. Under nonnal conditions, 
however, the reaction is catalysed by hydroxyl groups (40, 41) and we write: 
+ H-N-H 
I + 
[Cat1 + rCat], 
where [Catlo represents the concentration of catalytic impurities initially present in the 
system and k, is the kinetic constant of the catalyzed reaction. Obviously k, > k,o. 
It is noted that in actual cases for each epoxy group reacted a single hydroxyl groups is 
fonned, which also catalyse the reaction (8, 27, 42-62). Therefore the process is autocatalytic 
(27, 42-62) and a further reaction step has to be considered, with kll as the kinetic constant 
and the tenn lP-OH], the concentration of active hydroxyl groups, in place of [Catlo. 
Obviously, in this case, [P-OHl is not a constant but increases during cure (27, 42, 43, 46). 
An analogous set of equations (27-29, 42, 43, 46) can be derived for the reaction of 
secondary amine groups, with rate constants k~, k" and k21 • Side reactions may also occur, 
most notably that between epoxy and hydroxyl groups (etherification): 
I 
H-C-OH + 
I 
o 
/\ 
CH2--CH-
I OH H-C-O-CH2-~H-I ' 
In the case of aliphatic diamine hardeners, this process is much slower than the two 
previously mentioned. and needs to be taken into account only after the complete 
disappearance of the amino groups and at temperatures above 150°C (11, 43,46,61). 
A full kinetic treatment of the curing reactions would require the fonnulation and 
solutions of a set of coupled differential equations. The rate equation for the consumption of 
epoxy groups may be fonnulated as follows (10, 43, 61): 
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dE 0 [ ] 
- - = k, EA, + k, Co EA, + kll EA, POH + 
dt 
+k~EA2 +k,CoEA, + k"EA, [POH] + 
+ koHE[POH] + k£E'[ Cat] 
(2) 
where E, A" A, etc represent the concentration of epoxy, primary amine and secondary 
amine, respectively and Co = [Cat}o. The first three terms account for the reactions with 
primary amines; the three terms in the middle are for the reactions with the secondary amines 
and the last term is due to the epoxy groups consumption through side reactions occurring at 
high temperatures or in the presence of suitable catalysts (4, 11, 27). It is apparent that the 
problem is very complex and various simplifications have been introduced (62-91, 94) to 
make possible a mathematical manipulation of the system. The approach proposed by Horie 
and co-workers (43, 61) has been the basis for many studies and successive refinements. It 
assumes that only the catalysed reactions of epoxy groups are relevant, that is 
k,o = k~ = kOH = k£ = O. On the basis of this hypothesis we can write: 
Letting x = Eo - E and considering that P[ OH] = x, it follows that: 
(4) 
Letting k, / k, = k" / k" = n, we obtain: 
Experimentally, it has been found that often n is close to 0.5, hence we may write n = 
0.5 + ~n. From the stoichiometric relation between the reacted epoxy and the active 
A, x 
hydrogens: A, + 2 = Ao - '2' equation 5 can be rearranged to: 
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I dx [ZA,t>.n ] 
------·-=(k,Co +kllx) I+--=--
(Eo -x)(Ao _~) dt ZA, +A, 
(6) 
In this equation, the ratio (ZA,An) / (ZA, + A,) is initially zero, and is always much less 
than 1 up to conversions of 50 % or more of epoxy groups. Therefore, a plot of the left hand 
side of eq. 6, which may be regarded as a reduced reaction rate, versus x is initially linear if 
the assumptions made are valid. At higher conversions the plot passes through a maximum 
because the reaction rate decreases as the curing processes become increasingly diffusion 
controlled, that is as t>.T = (T, - Tg) becomes small. 
It is useful to express the reaction rate in terms of a normalised or relative conversion 
X = (Eo - E) / Eo = x / Eo , from which: 
dX 1 (dx) 
----
dt Eo dt 
when the stoichiometry is exact, that is when the concentration of active amino 
hydrogens equals the concentration of epoxy groups, Ao = Eo / Z, by substituting into eq. 6, 
we have: 
1 dX 
-:-;----:::-:;-. - = (K + K X)H (1- X)' dt ' , c 
1 I, ZA,t>.n 
where K, =-ZEok,Co' K, =-ZkIlEo, and He =1+ A ZA, + , 
which accounts for the deviations of n from 0.5. 
(7) 
is the Horie correction factor 
Thus, for a stoichiometric composition, a plot of [1 / (1- X)' (dX / dt)] versus X should 
be linear until H, becomes significantly larger than unity and/or the reaction rates become 
diffusion controlled. 
Another widely used approach is that derived by Sourour and Kamal (85, 86), who 
started from the Horie's treatment (43, 61) and introduced the additional assumption of equal 
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reactivity of primary and secondary amino hydrogens, that is k, / kll = k, / k" = n = 1. For a 
stoichiometric composition the final equation proposed is: 
1 dX 
---::-·-=k +k X (1- X)' dt ' , (8) 
which is the same as eq. 7, for H, = 1, that is, for k, / kll = k, / k" = n = 0.5. The 
constants in eq. 8, however, have a different meaning than those of eq. 7. Thus, the latter 
treatment predicts a linear behaviour of a plot of [1/ (1- X)' (dX / dt)] versus X, in analogy 
to the Horie treatment for n equal to 0.5. The linearity of this plot, therefore, does not 
discriminate between the value of n, which can be either 0.5 or l. The relative reactivity of 
primary and secondary amino hydrogens may only be found if the rates of the single reaction 
steps involving these groups can be measured separately and accurately. 
A generalised form of eq. 8 has been widely used (42, 66, 95, 96) for the kinetic 
treatment of the experimental data: 
dX m" 
-=(K, +K,X )(1-X) 
dt 
(9) 
This equation can be justified theoretically since, for m = 1 and n = 2, it reduces to eq. 8 
(4, 8, 10, 42, 66). However it remains an empirical model equation, which can provide limited 
mechanistic information, but it may prove useful in comparing the kinetic behaviour of related 
systems to detect changes in the overall curing mechanism. Furthermore, it may be 
conveniently employed for predictive purposes, and for specifying the curing conditions of a 
, 
particular resinlhardener formulation. Recently eq. 9 has been used with the additional 
assumption of a second "overall" order ofreaction, that is with m + n = 2 (66, 97). 
Among the various empirical equations more or less successfully used to describe the 
kinetics of the curing process, it is to be mentioned a simplified form of eq. 9, which assumes 
K, = 0 (38, 98): 
dX =KXm(1-X)" 
dt 
(ID) 
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Makosko (63) and Camargo et al. (64) proposed a general rate equation useful for fitting 
conversion data of the form: 
dX = k(l- X)" ~)iXi 
dt i=O 
(11) 
where the second term may be regarded as an autocatalytic parameter. When the 
reactions are not autocatalytic m = 0, and eq. II becomes: 
dX n 
-=k(I-X) 
dt 
which is the rate equation for an nth order reaction. 
(12) 
So far we have considered simplified treatments of the complex reaction mechanism, 
which need gross simplifications to yield equations which may be solved in closed form. An 
alternative approach is to consider the complete set of simultaneous differential equations 
which derive from the reaction mechanism and attempt to solve the system numerically (11, 
89-91,94). 
The rate equation for the consumption of epoxide groups, eq. 2, contains the 
concentration of primary and secondary amine groups, hence it is necessary to consider 
additional rate equations. If k,o = kg = 0, these rate equations are: 
(13) 
dA3 
-=k,A,ECo +kllA,E[POH) (15) dt 
The solution of this set of differential equations is complex, even when the autocatalytic 
terms are unimportant, in which case the solution would be that discussed in detail by Frost 
and Pearson (92) and by Benson (93). 
In actual situations it has been experimentally demonstrated (4, 8-10) that the 
mechanism is autocatalytic and the results of the latter authors cannot be applied. Interesting 
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approaches for the numerical solution of the above system of equations have been proposed 
by Dobas et al. (94), Dusek et al. (89) and Williams et al. (90, 91). 
With respect to the acid anhydride hardeners, despite their widespread use and 
technological importance (4, 8, 9), only few kinetic studies (35-37,42) have appeared so far in 
the literature. This is probably because the process appears more complicated so that, at the 
present time, a generally accepted reaction mechanism is still unavailable, as it is a rate 
equation for cure with these hardeners. 
A review has appeared (42) which lists the kinetic parameters obtained by use of the 
empirical equation: 
dX 
-= k(I-X)" 
dt 
(16) 
where k is an "apparent" rate constant with an Arrhenius temperature-dependence. The 
value of n in eq. 16 ranged from 0.2 to 2, and the apparent activation energy from 56 to 159 
kJ/mole, depending on the system investigated. About half of the reactions were found to be 
first order (42); the others had fractional reaction orders and it was impossible to relate them 
to simple reaction mechanisms. 
2.2 Time-Temperature-Transformation (TTT) diagrams 
It is useful to visualize the curing of an epoxy resin as a sequence of separated steps, as 
illustrated in Fig. 2, although, in practice, these steps occur continuously. 
The major changes taking place while a low molecular weight liquid is transformed into 
an infinite molecular weight, amorphous solid may be conveniently followed in terms of the 
glass transition temperature, Tg, of the system. As the chemical reaction proceeds, the 
molecular weight and the Tg increase, and if the process is carried out under isothermal 
conditions below the T. of the fully reacted system (Tg~)' the Tg of the reacting system will 
eventually reach the reaction temperature (T",,) (97-120). 
26 
, 
:11:'1)0<1""" . 
Visco-clntC I"SCO-.lH~ 
N.-ni ... fluid • ~ '" IioQuKI ,solid , 
.,. .... II.U r , 
.. , 
, 
, _.,I_"u,O 
• - mt" 
.,~ 
m.ndn -I(T .... ' 
dilunction4l1 
MOI.o:UI" .~x" )-(. 
SltuCN'" l,.ellOlyme. 
>-< J-.{" 
I'>ardener Qligom.'1 
,-. 
".- , 
,v ... ~. moItcur~. 
..,.;.gl'>, i"(lUSH SI~ 
~ 
niqn", 1)" .. ,1'0'0 
mol.,,,lu 
w. _ 1 
w _. 
form'ben 
., 
.nopi'''1 
30 ".!WO •• 
x.~., 
The e.ltent of reaction X. "" E.. - E(tc) 
E.. 
com", .. "" • ., mod",,, •. C' 
Q' .er .,0-
.no; ..... ng 
~'osSO;" •• ng 
.,.., 
~.oltlin'rd 
",""'oot 
where Eo is the initial concentration of epoxy groups and E(tc) is Iheirconcenlralion at cure time 
'c. Te is Ihe: cure temperature. 
Th ( . weighlofsolublemolecules e SoO[ ractlon w. :::z _=-'-'-'-'--'---'-__ 
total weight of the sample 
Th , ( . _w-"';,,,gh:::'.:.o,,( ,:::,"::":.-':::;n:::k..:.,d::.;n",..:.,w...:o:::,k:::."g,,,' e ge ractlon IV "I .... 
total weight of the sample 
Fig. 2. Idealized cure diagram of au epoxy resin (10). 
During isothermal reaction below Tgro , two phenomena of critical importance are 
encountered: gelation and vitrification. If the system is linear, only vitrification will occur. 
Initially, the reaction between the epoxy and the hardener reactive groups produces 
larger molecules whose molecular weight steadily increases, although it remains small even 
for conversions close to 50 %. As the molecular size increases, some very highly branched 
molecules are formed: the gel point is reached -when these branched structures extend 
-throughout the whole sample. Prior to the gel point the sample is soluble in suitable solvents 
and fusible; after gelation the three dimensional network is not dissolved but is swelled by the 
solvent. At the gel point, smaller and highly branched molecules are simultaneously present 
and the system contains a sol as well as a gel fraction. As the reaction proceeds beyond 
gelation the amount of gel increases at the expenses of the soL To produce a hard solid the gel 
has to be cured further until most of the sample is connected into a rigid, three dimensional 
network. The sol fraction reduces considerably and for many cured products it has to be 
essentially zero. 
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In tenns of the material properties, as gelation is approached, an abrupt increase of the 
viscosity takes place (see Fig. 2). By further reacting the system isothermally the vitrification 
occurs, which is the transfonnation of a liquid or rubbery material into a glassy solid. When 
the system vitrifies, the chemical reactions can be quenched. They may completely stop or 
may continue at a very slow rate; therefore the Tg can become equal to or slightly exceed Too,,, 
when the system is cured for very long times. 
A convenient and informative way of visualising the above behaviour is a time-
temperature-transformation (TTT) diagram (see Fig. 3), first introduced by Gillham (97, 99). 
It is obtained by plotting, for a seri.es of isothennal cures, the curing temperature versus the 
times of gelation and vitrification. These diagrams provide a framework for understanding the 
curing process of thennosetting (or even linearly polymerising) systems. 
Further infonnation may be included in these diagrams, as, for example, isoviscosity 
and isoconversion contours and phase separation profiles in the case of rubber modified 
thennosets. The TTT diagrams are specific for a single material fonnulation and cannot be 
obtained theoretically, but, when available, they permit considerable insight into the 
processing of these systems. Single time-temperature paths may be chosen so that gelation, 
vitrification and phase separation occur in a controlled manner, and produce materials with 
predictable and tailored end-properties. 
In the schematic TTT diagram reported in Fig. 3, we distinguish the different regions of 
matter encompassed during the cure process ofa thennosetting material. In order of increasing 
temperature we find sol glass, liquid, sol/gel glass, gel glass, sol/gel rubber, gel rubber and 
char. Three critical temperature are indicated on the ordinate axis: T gO ' gelTg and T..,. TgO is the 
glass transition temperature of the uncured reactive mixture, gelTg represents the temperature 
at which gelation and vitrification occur simultaneously, and 1".., is the T, of the fully cured 
system. 
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Fig. 3. Schematic time-tempera tu re-transformation (TTT) diagram for a thermosetting 
system, showing three critical temperatures (T.o .• "T.,T •• ,) and different states of matter 
(liquid, sol/gel rubber, gel rubber, sol/gel glass, gel glass, sol glass, char) (97). 
By inspection of the TTT diagram, the following considerations may be drawn: 
a) for temperatures below T.o the system has no reactivity. 
b) for curing temperatures comprised between T.o and ."T. the system will vitrify 
before gelling, thus quenching the chemical reactions. In these conditions highly 
branched molecules are formed, but the sy.stem does not reach the critical extent of 
reaction for gelation to occur. Thus, the molecular weight remains relatively low and, 
on subsequent heating, the system may flow and may be readily processed. 
c) for curing temperatures between ."T. and T 8"' the material, which was initially 
liquid, will gel and will, therefore, enter the sol/gel rubber region. In this region there 
is a 'sol fraction with finite molecular weight and a gel fraction (insoluble) with 
infinite molecular weight. For longer curing times the Tg of the system keeps 
increasing until it reaches the cure temperature. At this point the system vitrifies with 
a consequent reduction of the molecular mobility and the quenching of all the 
chemical reactions. The material is now in the sol/gel glass region, characterised, as 
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above, by the simultaneous presence of the sol and the gel fractions but in the glassy 
state. The cure is incomplete, and a material cured in these conditions will not be 
suitable for application because the cross-link density is too low and because of the 
plasticizing effect of the unreacted mono mer. If the cure temperature is close enough 
to T gm' however, cross-linking reactions take place even beyond vitrification (4, 8, 
38, 39, 97). The Tg will then increase further and will finally reach the full cure line 
on the diagram, which represents the time necessary, at each temperature, to reach 
the maximum value of T g achievable with the system under consideration. Beyond 
the full-cure line the material enters the region of the gel glass in which no soluble 
fraction is present. 
d) For isothermal reactions above Tgm the material will gel but not vitrify in the absence 
of degradation. An elastomer (gel rubber) is formed in these conditions, after 
prolonged isothermal curing. 
At high temperatures (T, > T gm) the thermal degradation processes may become 
competitive with the cure reactions ( 4, 8, 97) and in some cases may hinder the complete cure 
of the material. 
The degradative events shown in a TTT diagrams are: a) devitrification, occurring when 
a gel glass is held at high temperature for prolonged periods, yielding an elastomer. The 
devitrification event corresponds to a decrease of T g from above to below the isothermal cure 
temperature; the time to this event may be considered to be the lifetime of the material, since 
it defines the limiting time for the material to support a substantial load. b) Revitrification, 
taking place when a gel rubber becomes increasingly rigid and finally vitrifies on prolonged 
exposure at temperatures above T gm; this event is likely due to ~e onset of char formation. 
The construction of a TTT diagram of a thermosetting resin requires an experimental 
technique able to monitor the various phase transitions of the system while it is subjected to 
isothermal curing. 
In general, one of the most powerful methods to detect transition times and 
temperatures, particularly for thermosets, is dynamic mechanical analysis (121). Among the 
various types of instruments used for this purpose, the freely oscillating torsional pendulum 
(TP) is particularly suited for polymeric solids. Advantages of the TP include its simplicity, 
sensitivity, relatively low frequency (- I Hz) which allows direct correlation with static, 
30 
nonmechanical methods (e.g. calorimetry, dilatometry) and its high resolution of transitions. 
The major drawback of the standard TP method is that the test temperature must be low 
enough for the material to support its own weight, which would reduce to an unacceptable 
extent the available temperature range for thermosets that are liquid in the uncured state. 
A variation of TP, specifically designed to solve these problems is Torsional Braid 
Analysis (TBA) (8, 97), whereby the sample, initially in the liquid state, is supported by a 
multi filament glass braid. The specimen is prepared by immersing the glass braid into the 
uncured resin and then removing the liquid excess by two aluminium foils. The specimen is 
mounted into the chamber of the TBA apparatus which has a carefully controlled He 
atmosphere and generally operates in the temperature range -190 to 400°C. 
The mechanical parameters of the specimen evaluated by the instrument are the rigidity 
and a damping factor, fj., known also as the log decrement, i.e. fj. = In(S/Si'l) , where Si is the 
amplitude of the ith oscillation of the freely damped wave. 
The relative rigidity is proportional to G', the elastic shear modulus, whereas fj. is 
proportional to G"/G', where G" is the loss shear modulus (122). Due to the composite 
nature of the TBA specimen the mechanical parameters obtained are not quantitative, 
although the TBA apparatus may be used as a conventional TP instrument on homogeneous 
(e.g. fully cured) samples. In TBA mode, however, the technique is used to detect transitions, 
and we are interested in the relative changes of the mechanical parameters rather than in their 
absolute values. 
In order to construct a TTT cure diagram, a series of isothermal cures are performed at 
different temperatures, and the relative rigidity and logarithmic decrement are recorded as a 
function of time. From these plots the time to gelation and the time to vitrification are 
obtained at each temperature and reported in the TTT diagram. 
-
The results of a typical isothermal cure are reported in Fig . .4. In the fj. vs time plot three 
events can be generally distinguished in the form of a shoulder and two distinct peaks. They 
occur in order of increasing temperature, as shown in the diagram of Fig. 4. The pre-gel 
shoulder has been attributed to an isoviscous event due to the interaction between the liquid 
and the braid. The first peak is associated with gelation and the second with vitrification. 
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Fig. 4. TBA spectrum during isothermal cure (175°C, 75 hr) with plots of relative 
rigidity and logarithmic decrement versus time. The location of the pregel shoulder, the 
gelation peak and the vitrification peak is indicated. The system investigated was a 
difunctional epoxy resin (DGEBA) cured with a stoichiometric amount of a 
tetrafunctional aromatic amine (8). 
2.3 Toughness enhancement 
The use of epoxy resins in many applications is limited by their comparatively brittle 
nature and their crack sensitivity (4, 8). As a consequence considerable efforts have been 
devoted to develop processes which would allow significant improvements in tougheness, at 
no expenses of the other important properties ofthe material, such as its stiffuess and its Tg• 
For bifunctional epoxies, considerable success in this area has been achieved by rubber 
modification, e.g. by incorporation of low molecular weight liquid rubbers (butadiene-
acrylonitrile rubbers, polysiloxanes, fluoroelastomers) into the thermosetting resin (123-127). 
The rubber component is generally soluble in the uncured resin, but precipitates out from 
solution during the cure process, thus forming a fine and homogeneous distribution of rubber 
particles within the matrix. Such particles act as stress-concentrating sites and initiate energy 
absorbing mechanisms such as shear yielding or cavitation. In this approach, one of the 
variables which determine the success of the formulation is a compatibility/incompatibility 
balance between the blend components. This in turn, is largely controlled by the relative 
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polarities of the resin and the rubber, which, for polybutadiene-acrylonitrile copolymers, may 
be carefully controlled by varying the acrylonitrile content. Thus, different morphologies and 
different mechanical properties have been related to the acrylonitrile level of the rubber. For 
reasons also related to the compatibility between the components, it has been demonstrated 
that the elastomer molecular weight also plays an important role. 
A further conclusion which has emerged from the vast amount of literature data is that 
the reactivity of the rubber towards the functional groups of the matrix is another fundamental 
requirement for an effective enhancement of the tougheness (125-129). In fact it is now 
generally recognised that good adhesion between the elastomeric dispersed particles and the 
epoxy continuous matrix is of primary importance (125-131). This adhesion is best realised by 
allowing a chemical reaction to occur between the end groups of the elastomer and the epoxy 
groups of the matrix. Thus, different tenninal functionalities of the rubber modifier have been 
tested, including epoxy, hydroxyl, phenol, mercaptan, vinyl, amine and carboxyl, with at least 
a reasonable success being achieved in the majority of cases (123). However it has been 
shown that the most effective rubber modifiers are those containing the carboxylic end-group 
(CTBN rubbers). 
Toughening with elastomers other than the acrylonitrile - butadiene copolymers, is 
considered only in special cases, when the application conditions are so extreme to prevent the 
utilisation of the more common and effective rubber modifiers. Thus, for example, the 
polysiloxanes exhibit important advantages in tenns of low temperature flexibility (Tg = -
120°C relative to -35°C for acrylonitrile-butadiene rubbers) and excellent moisture resistance. 
In contrast, the unsaturations along the butadiene-acrylonitrile backbone reduce the thenno-
oxidative stability of such a modifier and make it unsuitable for long-tenn use at elevated 
temperatures (10,123,124). 
, 
The polysiloxanes, acrylates and fluoroelastomers all exhibit superior thennal stability 
and are more suitable for high temperature applications. Nevertheless, work to date has clearly 
demonstrated the superiority of the butadiene-acrylonitrile rubbers as toughening agent for 
low cross-link density epoxy resins. 
The rubber toughening approach has been found (125, 131) to become progressively 
less effective as the cross- link density of the epoxy matrix increases. This is because, as the 
network is more tightly interconnected, its capability to be plastically defonned strongly 
decreases and the dispersed rubber particles are no longer able to induce energy dissipation 
mechanisms such as shear yielding and cavitation. Therefore an alternative approach has been 
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recently devised for this type of resins based on the incorporation of though, ductile and 
thermally stable engineering thermoplastics such as Bisphenol-A polycarbonate (131-134), 
polyetheresulfone (129, 131) and polyetherimide (128, 13S). Interesting results in terms of 
tougheness improvement were obtained with Polycarbonate, which was incorporated into the 
TGDDM network by a reactive blending process prior to the cure reaction. No phase 
separation was induced during curing, still the system was about for times tougher than the 
neat epoxy resin because of an increased deformability. More conventional two phase systems 
were obtained with both polyethersulphone and polyetherimide. In the former case, however, 
the beneficial effect on the fracture energy was minimal (addition of 40 phr resulted in less 
than doubling in fracture energy) (129, 130). Recent work has shown (128, 13S) that 
polyetherimide addition is more effective: the incorporation of 30 phr of thermoplastic into an 
anhydride cured TGDDM resin resulted in an approximately threefold increase in fracture 
tougheness K,. Even better results have been obtained with a DDS cured formulation (13S). 
A relevant feature which is common to most of the thermoplastic modifiers currently in 
use is that the desirable properties of the matrix such as the Tg> the elastic modulus and the 
temperature stability are not adversely affected by the addition of the modifier, as occurs in 
the case of rubber toughening. 
2.4. Water sorption and its effect on physical properties 
One of the main issues related to epoxy resins in general, and more specifically, to the 
resins with higher cross-link density, such as TGDDM, is their strong tendency to absorb 
environmental moisture (4, 8, 136-142). The absorbed water induces plasticisation and 
micromechanical damage of the material, with consequent degradation of temperature 
stability and mechanical properties, particularly in the case of composites (136-142). A typical 
, 
sorption diagram for a DGEBNm-phenylenediamine/aniline resin is reported in Fig. SA, 
while in Fig. SB is shown an Arrhenius plot of the initial slope of the sorption curves of the 
above system, which permits the evaluation of the activation energy for diffusion. 
The diffusion process of water molecules in these glassy matrices is characterised by 
various mechanisms. According to numerous authors, the penetrant popUlation can be divided 
into molecules forming an ordinary polymer-diluent solution and those adsorbed on 
hydrophilic sites or on the surface of excess free volume elements frozen in the glass structure 
(S, 7, \S9). 
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Fig. SA. Sorption curve for the resin DGEBAJ m-phenylenediamine 100/16.3 weight 
ratio. (0) cured 2 hours at 150°C; post-cured 2 hours at 150°C and 2 hours at 175°C. 
(t,) cured as above; post-cured 2 hours at 150°C. Test temperature = 90°C (167). 
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Due to multiplicity of states of the penetrant molecules within the matrix, the overall 
penetrant uptake cannot be directly related to plasticization, producing a depression of the T g' 
The same amount of sorbed molecules may differently depress the T, of systems through 
different hydrogen bonding possibilities or different morphology (e.g. nodular structures 
which can be easily crazed by the penetrant). In this respect details on the molecular structure 
of the network may provide useful information (143) on the nature of the polymer-diluent 
interactions taking place during the diffusion process. Thus, for amine cured systems, the 
combination of primary amines with epoxy groups results in the formation of highly 
hydrophilic aminoalcohols (143). The presence of tertiary amine groups, either as additives or 
in the structure of the epoxy resin, as in the case of TGDDM, catalytically promote 
etherification (4, 8, 143). This undesired side reaction may compete with the addition of 
secondary amines, especially at elevated temperatures, leaving unreacted amino groups 
capable of strongly interacting with the water molecules (152). For anhydride cured 
formulations the hydrophilic sites generated by the curing reaction are the carbonyls of the 
ester groups, also capable of forming hydrogen-bonding interactions with water molecules 
albeit with far less efficiency than hydroxyls or amines (146, 147). 
However, no general consensus exists in the literature on the exact nature of the 
hydrogen bonding interactions which establish between the water molecules and the epoxy 
substrate. Several spectroscopic studies, mainly by solid state NMR spectroscopy and by 
FTIR spectroscopy (145-147) have tried to address this fundamental point. A detailed solid-
state NMR spectroscopy investigation (145) has lead to several, very interesting conclusions. 
This has shown that: 
a) the water molecules are impeded in their movements, hopping from site to site with an 
approximate residence time per site of 7 x 10,10 s; 
b) there is no evidence of "free" water present, i.e. water not interacting at all with the epoxy 
network; 
c) there is no evidence for tightly bound water, i.e. water molecules with residence times per 
site exceeding 10" s; 
d) it is unlikely that the water disrupts the hydrogen bonding network in the epoxy resins. 
FTIR spectroscopy appears to have considerable potential in providing further 
information on the molecular details of the interaction between water and epoxy resins (146, 
147). It appears, however, from the literature survey, that further exploitation of such a 
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technique is required before the desired information can be obtained. This, therefore, 
constitutes one of the main subjects of the present work. 
In contrast with the conclusions from the above NMR studies, early investigations 
interpreted the large T g depression caused by small quantities of absorbed water as being due 
to the disruption of the hydrogen bonding network present in the epoxy resins (148). This 
view is still popular among investigators although it has recently been demonstrated that 
plasticization of DGEBA resins by water can be accounted for simply by treating the T g 
depression as arising from the expected composition dependence of miscible polymer-diluent 
systems (144). Ellis and Karasz have theoretically calculated Tg depressions of 10 to 15 Klwt 
% water for the less cross-linked DGEBA systems and of 25 Klwt % water for the high T g 
TGDDM-based systems. These predictions have been generally confirmed by their 
experiments on samples equilibrated at high temperature (144). 
Taking into account the complexity of the sorption process of water into epoxy resins, 
different models should be considered in describing the overall phenomenon. In particular, the 
equilibrium sorption data as a function of the penetrant activity may be described, to a first 
approximation, as the ordinary dissolution of a low molecular weight substance into a 
polymer (149, 150). The Flory-Huggins theory (151), which makes use of the liquid lattice 
approach, gives the following relationship: 
where a, is the external penetrant activity, vp the polymer volume fraction and X, the 
polymer-solvent interaction parameter. 
When the solvent concentration is very small eq. 17 bes.omes the limiting Henry's law 
and a linear sorption behaviour is expected. 
The Flory-Huggins theory (151) is inadequate, however, when strong intermolecular 
interactions between the penetrant and the polymer take place, in the glassy state, 
characterised by an excess of free volume, or in the case of polar penetrants at high uptake, 
when clustering of the sorbed molecules tends to occur. This is especially true for epoxy 
matrices in which all these three conditions apply. For instance, the tendency of water to form 
clusters has been supposed to induce irreversible microvoiding (160) in epoxies, especially at 
high temperatures. It is worth noting that water clustering in epoxy matrices has been inferred 
from indiret evidences (148,152-154,160) but has never been observed experimentally. 
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Hygrothennal cycling has been found to induce a gradual increase in water uptake in 
high Tg epoxy systems. It is generally observed that the first sorption isothenn of "as 
prepared" specimens is poorly reproducible, while the second and subsequent sorption after 
drying show a reproducible behaviour (155). This effect has been related to the progressive 
damage of the network due to the absorbed water which suppress other less important effects 
that can play a role in the initial, non damaged sample (155). 
The absorption of water into the "holes" generated during the vitrification process or 
due to hygrothennal damage induce deviations from the nonnal behaviour, manifested as a 
negative deviation from the Henry's law (155, 156). 
Sorption of gases and vapours has been frequently described in tenns of a "dual sorption 
model" (157-160). This theory (159) assumes that the sorption process into 
microheterogeneous media occurs by two competitive mechanisms: Thus non-linear 
isothenns may be decomposed into a linear part due to the nonnal solubilisation (Henry's 
component) and a non-linear portion due to the immobilization of penetrant molecules into 
specific sites within the substrate (Langmuir component) (159). The analytical expression 
takes the fonn: 
in which kD is the solubility coefficient of the Henry's law [in (g of water)/(g of dry 
polymer torr)] b is the Langmuir affinity constant (torr"), and C~ is the Langmuir sorption 
capacity [in (g ofwater)/(g of dry polymer)]. 
Different epoxy systems have been investigated using the above approach to elucidate 
-their sorption mechanism. The sorption curves for the TGDDMiDDS system equilibrated at 
low external water activity showed a region of negative curvature at about 1 % uptake, which 
was interpreted as being due to the saturation of hydrophilic sites within the network (162). 
This behaviour was observed at higher activities in systems containing a higher amount of the 
amine hardener. The increased tendency to absorb moisture due to hydrogen bonding in resins 
richer in hardener was explained in tenns of the increased number of secondary amino groups 
which are the most hydrophilic, rather than by the presence of other potential bonding sites, 
whose overall concentration was found to change only slightly with composition (162). 
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In contrast to the above findings, the equilibrium sorption isotherms of DGEBA based 
systems, whose curing occurs mainly by addition of primary and secondary amino groups, 
showed an almost linear initial behaviour (IS2). 
Moisture uptakes in the region of 2 - 6.S % can easily be reached under environmental 
conditions leading to significant drop of T g from values of the order of ISO - 200°C down to 
60 - 80°C, which is well below the application limit of most of the epoxy-based composites 
(163-168). Some tests on high performance carbon fibre composites obtained from the 
TGDDMlDDS system, exhibited a T g depression, after moisture equilibration, of more than 
100°C. 
Dynamic-mechanical analysis is an important technique to detect plasticization (169-
18S). DGEBA and TGDDM based formulations exhibit a high glass transition and a quite 
broad secondary (~) transition centred around -SO°C. While the primary transition is 
associated with large scale movements of the network structure, the secondary transitions are 
often a combination of localised molecular motions of side groups of the main chain, motion 
of a specific segment of the main chain, or motion of small molecules dissolved in the 
polymer. The broad, irregularly shaped ~ transition in epoxies is indicative of a wide spectrum 
of motions and of activation energies (171, 182, 18S). Water sorption in DGEBA and 
TGDDM resins results in an increase of the magnitUde of secondary transitions and a in a 
reduction of the transition temperature by about 20-2SoC. 
2.5 Thermal and thermal-oxidative degradation 
The stability of epoxy systems in extreme conditions is a fundamental consideration, 
owing to the particular applications in which they are used. For example, the TGDDMlDDS 
system is the resin of choice in the aeronautic and aerospace,industry (4, 131, \88, 189). In 
these applications the resin must be able to sustain very rapid temperature jumps, often 
exceeding 200°C (thermal spikes), and must preserve the structural and mechanical integrity. 
Furthermore, because of its light weight coupled with excellent mechanical properties, the 
TGDDMIDDS resin has been also employed as organic matrix for high performance 
composite materials in the fabrication of light structural panels for the interiors of aircrafts. 
However, the examination of several accidents has revealed the implication of these materials 
in fire propagation, particularly regarding to the production of toxic gases during combustion 
(190). In all the cases, the concentration of gases and smoke generated caused, if not the 
death, a partial or total incapacity of occupants, limiting their possibility to survive by rapid 
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evacuation. The new, more stringent safety regulations do not allow, at present, the use of 
these materials in habitable areas. There is clearly a need for an improved thermal-oxidative 
stability, as well as for a better fire resistance for these materials. This has stimulated a 
considerable amount of research aimed at a complete description of the degradation 
mechanism, which in turn may lead to new approaches for stabilisation (186-197). Thus the 
thermal-oxidative degradation of the TGDDMlDDS system was investigated under air and 
inert gas flow (Nz) by means of such diverse techniques as thermogravimetric analysis (TGA), 
coupled with on-line analysis of the volatile products (186, 188), differential scanning 
calorimetry (DSC) (186-188), FTIR (186-188) and Raman (186) spectroscopy, electron 
paramagnetic resonance (EPR) spectroscopy (186), wide angle X Ray diffraction (W AXS) 
(186, 187) and J3C solid-state NMR (186-188). 
The derivative TGA and the thermal volatilisation analysis have shown three distinct 
maxima in the range 240-4S0°C (188), which correspond to three different steps of the 
degradation process. The initial step is characterised by evolution of water due to dehydration 
of secondary alcohol. In the second degradation step the major volatile product is acetone. It 
may derive from successive bond scissions and hydrogen transfer in homopolymerised 
TGDDM structures (188) or, according to other authors, to a competitive reaction pattern 
starting with a C-N scission. This reaction would prevail over dehydration in the second step, 
evolving through rearrangement, further scission and hydrogen transfer: 
i iH I 
-O--n-CH,-CH-CH2-N-o- - -O--r + 
o 
CH)-~-CH) + 
- CH)J~2-!-o-
-
The final step of the degradation process is characterised by the competition between 
fragmentation of the epoxy resin network and cross-linking of the early formed unsaturations, 
possibly through a free radical mechanism. In this step, it was also observed the elimination of 
sulphur containing volatiles (mainly S02)' which derive from the homolytic cleavage of C-S 
bonds of DDS (188). These products are responsible for the toxicity of the gases evolved on 
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combustion, and pose a major technological problem for the application of these materials as 
internal aircraft or spacecraft components. 
The radicals generated by homolytic scission of C-S bonds may also contribute to cross-
linking. Thus, a crosslinked, thermally stable char involving both aromatic and aliphatic 
structures is formed in the third step of degradation, whereas volatile products, which are 
mostly high boiling, are evolved when fragmentation prevails over cross-linking (188). 
2.6 Curing mechanism of thermosetting bismaleimides 
All the BMI resins are characterised by the high reactivity of the terminal double bonds, 
which is due to the electron withdrawing power of the two adjacent carbonyl groups. Thus, 
when heated above their melting temperature, these resins undergo a radical type, temperature 
induced homopolymerisation (202-204): 
N_Ar_? 
- -Ar-N 
°N_Ar_{( 
This process gives rise to an extremely tight network, which exhibits excellent thermal 
properties, chemical stability and rigidity, but is extremely brittle (202-204). In order to 
increase the flexibility of the products, BMIs are g<;nerally cured in the presence of suitable 
aromatic diamines (200-203, 207). Under these conditions, tge nucleophilic addition of the 
diamines to the strongly electrophilic maleimide double bonds (Michael addition) occurs 
easily. This reaction causes extension of the network chains, thereby reducing the average 
cross-linking density of the network and improving its flexibility. Thus, radical 
homopolymerisation and Michael addition have different effects on the network topology 
(203, 204): the molecular structure and hence the final properties of the cured resin will 
depend on the relative extent of the two above reactions. 
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It is generally accepted that the Michael addition is faster and occurs at lower 
temperatures than homopolymerisation, expecially with highly reactive aliphatic amines. In 
actual curing protocols the resins are cross-linked either in two temperature steps (Michael 
addition followed by homopolymerisation) or in a single process at higher temperature, in 
which the two reactions take place simultaneously (203, 211, 212). A typical example of a 
BMI resin widely employed for laminate fabrication is Kerimid 601, by Rhone Poulenc, 
whose components and curing protocol are summarised below: 
CRQSSLlNKED NETWORK 
The reactants stoichiometry may be adjusted to obtain different grade products which 
meet specific end-use requirements. 
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A problem encountered with most of the thermosetting BMIs is due to the fact that they 
are invariably crystalline powders with high melting points (see Table 3). The temperature 
induced homopolymerisation starts just above their melting point (202, 203, 207), and hence, 
in pure form, they exhibit an extremely narrow processing window, unsuitable for most 
applications (200, 203, 207). The situation is improved substantially when the base resins are 
mixed with 4,4' diamino diphenyl methane (DDM), which is a low melting point solid (T m = 
90°C) and, in typical formulations (Kerimid 60 I) forms with the bismaleimide a low melting 
eutectic mixture. Therefore these products exhibit good processability, similar to that of epoxy 
resins (202, 207). However, as already noted in the paragraph on the epoxy resins hardeners, 
DDM has been recently recognised as potential human carcinogen, and the general tendency 
is to avoid its use, especially for high temperature curing. 
4,4'-diam_ inodiphenylsulfone (DDS), which is replacing DDM in most applications as 
epoxy resins hardener, is not as suitable as DDM for BMIs. In fact, it melts at Inoe and, 
when used in conjunction with bismaleimide monomers, complete melting and 
homogenisation of the mixture cannot be achieved before the concurrent initiation of the 
cross-linking reactions. Attempts at improving the processability of these resins avoiding the 
use of DDM have been made by the leading manufacturers. These involve the use of more 
sophisticated BMI structures which are non-crystalline and form eutectic mixtures, liquid at 
room temperature, with the more conventional monomers. Reasonable success has been 
achieved in this direction, although these new BMI structures require an 'ad hoc' synthesis of 
the amine precursors, which affects the final cost. In conclusion it may be stated that the 
processing of thermosetting BMIs, at least the more conventional and cheaper ones, is still an 
open Issue. 
2.7. Epoxy/Bismaleimide systems 
The attempt to merge bismaleimide and epoxy resins in a single system in order to 
achieve both the temperature performances of the polyimide and the processing ease of the 
epoxy resin has stimulated considerable research efforts. These are evident from the extensive 
patent literature on the subject. 
Thus, Epikote 154, an epoxy-novo lac resm, and tetraglycidylphenyl-ethane, were 
successfully cured with a bismaleimide/diamine prepolymer (4,4'-bismaleimido 
diphenylmethane/4,4' diaminodiphenylmethane) (213). In a successive US patent, heat 
resistant, solventless resin systems were claimed, comprising an epoxy resin, an organic acid 
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anhydride and a bismaleimide resin. These products provided readily processable, low melting 
systems (214). 
A particular bismaleimide resin, Compimide 795 (Shell, Technochemie), was blended 
with a series of polyfunctional epoxy resins and 3,3' diaminodiphenylsulfone for use in hot 
melt carbon fib er prepreg (215). In another patent (216), compositions based on arylimides, 
prepared from oligomeric diamines or polyamines and maleic anhydride, were mixed with 
epoxy resins and cured to thermoset composites. In a more recent US patent are described 
resin systems comprising a polyarilene-ethersulphone BMI and epoxy resins (217). 
In 1988, a modified bismaleimide/epoxy resin system has been introduced on the market 
by Shell Chemical Company. The system is a high reactive mixture of a bismaleimide (RSM 
1206, a 60 wt % solution of BMI in dimethylformamide) and RSM-1151 (a highly 
functionalized epoxy resin) (218). In contrast to many polyimide resins, no free DDM is 
present in this product, with obvious safety advantages. This resin system, with the 
appropriate choice of catalyst, has been shown to provide a wide processing window, suitable 
for manufacturing multi layer circuit boards and electrical laminates. The fonnulation was also 
found to have an excellent property profile for the above applications. 
Clearly, the patent literature does not provide information on the more fundamental 
aspects of these systems, such as the chemistry of the curing process, the molecular structure 
of the networks and the structure-properties relations. 
However, in contrast to the extensive patent literature, less attention has been paid to 
epoxylBMI systems in the scientific literature. Only few papers have appeared so far on the 
subject (219 - 221), and most of them were devoted to the calorimetric analysis of the curing 
process and the mechanical characterization of the resin systems. The most detailed 
investigation appears to be that of Woo, Chen and S"eferis (221) who reported the preparation 
, 
and analysis of networks formed by co-curing TGDDM, DDS and a commercial 
thermosetting bismaleimide (Kerimid-DI-365I, (from Rhone-Poulenc). 
The curing reaction was studied by DSC, while dynamic-mechanical analysis and 
scanning electron microscopy (SEM) were used to investigate the phase structure. 
The analysis of the DSC exothermic peaks, for measurements carried out III the 
temperature scanning mode, suggested that the curing reactions of bismaleimide and epoxy 
were independent and well separated, except for the resin mixture containing more than 75 wt 
% of bismaleimide. Thus, on the basis of these results, an interpenetrating polymer network 
(IPN) structure was proposed for this system. However, it was observed that the curve of the 
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heat of reaction versus epoxy content was non-linear, and this could be due to some level of 
copolyrnerization between the components. In summary, the issue of the molecular structure 
of the networks was not definitively addressed, and the use of other experimental techniques, 
mainly spectroscopic, was suggested to clarify this important aspect. Based on the dynamic-
mechanical results and the SEM analysis, no phase separation was detected in the various 
investigated networks. 
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3. EXPERIMENTAL 
3.1. Materials 
The epoxy resin was a commercial grade of tetraglycidil-4,4' -diaminodiphenylmethane 
(TGOOM), supplied by Ciba-Geigy (Basel, Switzerland). This resin has an epoxide index of 
8.06 mol kg· I, measured by potentiometric titration, which corresponds to an epoxy equivalent 
weight (EEW) of 124. I g eq·'. The epoxide index resulting from stoichiometry is 9.47 mol kg· 
" therefore the actual number of epoxy groups is 15 % lower than the theoretical value, 
possibly because of partial hydrolysis of the oxirane rings which is evidenced by the presence 
of a readily detectable band of hydroxyl groups in the 3600 - 3300 cm·' range in the FTIR 
spectrum of the starting resin. 
The resin hardener was 4,4' diaminodiphenylsulphone (~OS), received from Aldrich 
(Milwaukee, WI). 
The bismaleimide component was N,N' -bismaleimide-4,4' -diphenylmethane, also from 
Aldrich. The reagents were used as received, without further purification; their chemical 
formulas are reported below: 
/~ /\ 
CH;,-CH-CH;, ~ -0- CH;,-CH-CH;, 
'N 0 CH;, 0 < 
CH;,-CH-CW CH;,-CH-CH;, \/ \/ 
TGDDM: tetraglycidyl-4,4'-diaminodiphenylmethane 
DDS: 4,4'-diaminodiphenylsulfone 
BMI: N,N'-bismaleimide-4,4'-diphenylmethane 
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3.2. Preparation procedures 
3.2.1 Preparation of the TGDDMIDDS resin 
30 g of DDS, in the fonn of a finely ground powder, were dissolved in 100 g of 
TGDDM at 120°C under vigorous mechanical stirring. Complete dissolution, evidenced by 
the fonnation of a clear and homogeneous liquid phase, was achieved after about ten minutes. 
The mixture was degassed at the same temperature under vacuum, until the fonnation of air 
bubbles was no longer observed, which took about five minutes. 
The degassed mixture was allowed to cool to 100°C and immediately poured in a 
stainless steel mould previously coated with a thin film of a mould release agent [Lubrolene 
E6 from Finco, (MI, Italy)]. Different moulds were employed, according to the shape and the 
thickness of the specimens needed for the various experimental techniques. In particular, for 
dynamic-mechanical analysis and for NIR spectroscopy measurements thick samples were 
used. Sheets 200.0 mm long, 200.0 mm wide and 3.5 mm thick were prepared and 
subsequently machined to the required size. For gravimetric and spectroscopic measurements 
of water diffusion, specimens 75.0 mm long, 10.0 mm wide and 0.15 - 0.25 mm thick were 
produced. 
The curing protocol was carried out in a thennostaticaly controlled oven (temperature 
accuracy ± 0.5°C) provided with forced air circulation. Curing was carried out at 140°C for 16 
h, and was immediately followed by a post-curing step at 200°C for 4 h. At the end of this 
schedule, the oven was allowed to cool slowly at room temperature (3 to 4 h) and the 
specimens were removed from the moulds. 
3.2.2. Preparation of a typical TGDDMlDDSfBMI mixture 
30 g of DDS powder were dissolved in 100 g of TGDDM at 120°C as reported in the 
previous preparation. After complete dissolution of DDS, the mixture was degassed under 
vacuum at the same temperature for five minutes. It was then allowed to cool to 100°C and 
the appropriate amount of BMI was added under vigorous mechanical stirring. Mixing at 
100°C was continued until a clear and visually homogeneous liquid was obtained, which took 
from five to fifteen minutes, depending on the BMI amount. The mixture was then transferred 
in the stainless-steel mould and the curing protocol was conducted under the same conditions 
and in the same apparatus as for the TGDDMlDDS mixture. 
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Several mixhues were prepared, by changing the amount of BMI in the system, while 
the TGDDMlDDS ratio was kept constant. The composition of the investigated mixtures is 
reported in Table IV. 
Table IV Compositions of the investigated blends 
TGDDM DDS BMI TGDDM DDS BMI epoxy NH C=C 
(weight (weight (weight (wt%) (wt%) (wt%) groups* equivalents BMI 
ratio) ratio) ratio) (mol kg·') (mol kg·') (mol kg-I) 
100 30 - 76.9 23.1 - 6.20 3.72 -
100 30 10 71.4 21.5 7.1 5.76 3.46 .40 
100 30 30 62.6 18.7 18.7 5.04 3.02 1.05 
100 30· 50 55.5 16.6 27.9 4.48 2.69 1.55 
100 30 100 43.5 13.0 43.5 3.50 2.10 2.43 
*By potentlOmetnc titratIOn. 
3.2.3. Preparation of the samples for FTIR spectroscopy examination 
In order to obtain infrared spectra suitable for quantitative analysis according to the 
Beer-Lambert relationship, the absorbance values of the peaks of interest cannot exceed 
certain limiting values which depend on instrumental characteristics but lie, generally, in the 
range 1.3 - 1.5 absorbance units. To meet these conditions the sample thickness, which is 
directly proportional to the signal intensity, is to be kept in the range 20 - 50 flm for 
measurements in the Mid-Infrared range (MlR, 4000 - 400 cm-I). In the near infrared interval 
(NIR, 8000 - 4000 cm-I), where the peak intensity is about one order of magnitude lower than 
that of the respective fundamentals, much thicker samples can be employed, i.e. from 0.15 to 
4.00 mm. 
Therefore, while the NIR measurements were carried out on the same samples as those 
employed for gravimetric sorption measurements or for dynamic-mechanical analysis, the 
samples for MlR spectroscopy had to be prepared by an alternative route. 
Thus, TGDDM, DDS and BMI in the appropriate amounts, were dissolved in acetone 
(concentration 10 % wt/wt). Few drops of this solution were cast on a KEr disk and the 
solvent was allowed to evaporate at ambient temperature. Final drying of the sample was 
carried out in a vacuum oven at 70°C for 1 h. No traces of residual solvent were detected 
spectroscopically in the specimen. By this procedure films in the range of 10 to 25 flm were 
obtained, whose transmission spectra are reported in Figs. 11 - 18. 
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3.3. Techniques 
3.3.1. FTIR spectroscopy in the MlR range 
Transmission FTIR spectra were obtained by a Perkin-Elmer System 2000 spectrometer, 
at a resolution of 4 cm". The instrument employed a Michelson interferometer equipped with 
a GermaniumlKBr beam splitter. The detector was a wide band, deuterated tryglycine sulfate 
(DTGS) pyroelectric bolometer. 
The instrumental parameters adopted for the spectral collection were as follows: 
resolution 4 cm", scan speed, i.e. Optical Path Difference (OPD) velocity = 0.2 cm s", 
spectral range 4000 - 400 cm", which resulted in 3551 collected data points. For the static 
measurements (i.e. for specimens not changing with time) 30 to 300 spectra were signal 
averaged to improve the signal to noise ratio. For the kinetic measurements, a single data 
collection was performed for each spectrum, which, in the selected instrumental conditions, 
took 6 s to complete. This was done in view of the rapid time evolution of the reactive system 
at the process temperature. It was found that, even with a single acquisition, the signal-to-
noise ratio of the spectra was/ very high (better. than 5000: I), and suitable for any quantitative 
analysis (see spectra in Figs. 19, .z.~): I 
The isothermal kinetic measurements of the curing process were carried out at 140a C on 
thin films of the uncured mixture cast on a KEr disk according to the procedure previously 
described. These disks were placed in an environmental chamber which was constructed in 
house by modifying the commercially available SPECAC 20100 celL This unit was controlled 
by an Eurotherm 071 temperature controller which allowed an accuracy of ± 0.5aC, and was 
continuously purged with dry nitrogen during the measurement. A schematic diagram 
illustrating the principal features of the environmental chamber is reported in Fig. 6. 
The chamber was directly mounted in the spectrometer and the spectra were taken at 
, 
selected time intervals to monitor in-situ the process. 
The same spectroscopic approach was employed to investigate the thermal-oxidative 
degradation of the plain epoxy resin and that for a typical composition of the ternary mixture. 
In this case the measurement was carried out at 200aC under a continuous flux of air (60 cm' 
min"). The film samples were placed in the FTIR environmental chamber at room 
temperature. The cell was than heated to 200a C while being purged with dry N,. After 
temperature stabilization, which took around ten minutes, the gas flow was switched to air and 
the spectral collection was started. This procedure allowed to unambiguously determine the 
zero value on the time scale. 
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The films used for these measurements were obtained from the solution cast films 
subjected to the standard curing and post-curing protocol. In order to avoid premature 
degradation of the sample during the post-curing step, which would strongly affect the 
spectrum owing to the very reduced thickness, the two step process was carried out in the 
environmental chamber of the FTIR spectrometer under a continuous flux of dry nitrogen. 
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Fig. 6. Environmental chamber for FTIR spectroscopy measurements 
3.3.2. FTIR spectroscopy in the NIR range 
FT-NIR spectra were recorded in the transmission mode using the same spectrometer. 
described before (Perkin-Elmer System 2000). This instrument is equipped with two sources 
and two beam-splitters which can be selected through the control software, by choice of two 
alternative optical paths. Thus, in the 8000 - 4000 cm- l range, a high temperature tungsten-
50 
halogen NIR source was employed, coupled with a multi-layer calcium fluoride beam-splitter. 
The detector was the same as that used for the MlR interval (wide band DTGS). 
The spectroscopic monitoring of water desorption was performed on samples 0.15-0.25 
mm thick, previously equilibrated with respect to the amount of absorbed water. Sample 
conditioning was effected by placing the specimens in a deionized water bath thermostatically 
controlled at 22 (± 0.1 °C)°C until no further weight change was detected. 
The samples containing an equilibrium amount of water (wet samples) were then placed 
in the environmental chamber of the FTIR spectrometer which was modified to allow careful 
control of the main process parameters, such as temperature, pressure and environment. The 
measurements were carried out at 22, 35, 45 and 60°C for the plain epoxy resin and at 22, 39, 
54 and 60°C for the ternary mixture, with an accuracy of ± 0.5°C, under a N, atmosphere and 
a pressure of760 Torr. 
The instrumental parameters adopted for the spectral collection in the desorption tests 
were as follows: resolution 4 cm", ODP velocity 0.2 cm s", spectral range 8000 - 4000 cm", 
which corresponded to 4001 collected data points, 8 data collections averaged for any single 
spectrum, which took 35 s to complete. Signal averaging was adopted in this case, in view of 
the worst signal-to noise ratio in the NIR interval with respect to MlR, particularly at higher 
frequencies. 
In order to obtain meaningful and reproducible results, the NIR measurements in the Vc-
H region for identifying the molecular interactions between water and the polymer networks, 
were carried out on samples 3.5-4.0 mm thick. This because the absorptivity of the O-H 
stretching modes is much lower than that of the water band used for concentration monitoring 
(at 5215 cm") and also because spectral subtraction had to be employed in this wave number 
interval, in order to eliminate the interference of the resin spec!rum. It is well known that this 
type of data analysis increases the spectral noise, which results in the sum of the noise of the 
two spectra employed. For these samples 300 spectra were signal-averaged for each data 
collection. 
Thus, pieces 3.0 mm long and 2.0 mm wide were cut from the resin sheets, immediately 
after postcuring, to minimize water sorption from the humid environment. The samples were 
transferred to a vacuum oven and stored overnight at 100°C, to ensure complete dryness. 
After this procedure, the samples were transferred to the measuring instrument while under 
vacuum, and the NIR spectrum was collected, which confirmed the absence of sorbed water. 
This spectrum was taken as the reference (dry sample) to be subtracted from those after water 
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sorption. The samples were then weighed on a laboratory balance to an accuracy of 0.1 mg 
and placed in a deionized water bath, thermostatically controlled at 70 (± 0.1 )0C. Periodically 
the samples were removed from the bath, weighed and transferred to the FT -NIR spectrometer 
to record the spectra. The surface water was previously removed by blotting with a paper 
tissue. This procedure was continued until no further changes in weight were observed, 
normally after about 180 days. 
3.3,3. Gravimetric sorption measurements 
The gravimetric sorption measurements were carried out on the plain epoxy resin and on 
two representative compositions of the ternary mixture (TGDDMlDDSIBMI 100/30/50 and 
100/3011 00 by wt), according to the so called pat-and-weight technique. Samples 0.15-0.25 
mm thick were dried overnight at 1000 e under vacuum to ensure complete removal of 
absorbed water, as confirmed by FT -NIR spectroscopy. The dried specimens were weighed 
with an analytical laboratory balance to an accuracy of ± 0.1 mg and immersed in a deionised 
water bath thermostatically controlled at 22 (± 0.1 te. Periodically, the samples were 
removed, blotted with a paper tissue and weighed. The associated FT -NIR spectrum was also 
collected to correlate the gravimetric results with the spectroscopic data. 
3.3.4, Dynamic-mechanical measurements 
Dynamic-mechanical tests were carried out on specimens 60.0 rrun long, 6.0 mm wide 
and 3.5 mm thick using a Dynamic Mechanical Thermal Analyzer (DMTA) from Polymer 
Laboratories (UK) model MK Ill. The geometry of deformation was the single cantilever 
bending mode, whereby the sample, clamped to one edge, is subjected to a sinusoidally 
varying flexural deformation. The transducer detects the samp"le response to the applied load 
and by appropriate signal conditioning and data analysis, the instrument software is able to 
evaluate the viscoelastic properties of the material, i.e, the storage modulus (E) the loss 
modulus (E') and the dissipation factor, tan,). The tests were performed in the scanning 
temperature mode, in the range from 30 to 350oe, and at a heating rate of3oe min", at an 
oscillating frequency of 1Hz. 
3.3.5. Thermogravimetric measurements 
Thermogravimetric analysis was employed to test the thermal-oxidative stability of the 
investigated materials. A Mettler TG50 thermobalance was used, operating under a 
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continuous flux of air (60 cm' min-I)_ Two kinds of tests were conducted, the dynamic, in 
which the temperature was increased from 30 to 750°C at a constant heating rate of 20°C min-
I, and the isothermal measurements, in which the samples, introduced in the measuring 
apparatus at room temperature, were quickly heated to the test temperature (320°C) under a N, 
atmosphere_ After the stabilization of the temperature at 320°C, which took from three to five 
minutes, the flowing gas was switched to air and the data collection was started_ Normally, 
each isothermal test was continued for 12 h. 
The samples (about 10 mg) were cut from the sheets used for the water diffusion tests 
and, therefore, were 0.15-0.25 mm thick. 
3.4. Data analysis 
For the case of bands displaying unresolved mUltiple components, the individual peaks 
were separated by using a curve-fitting algorithm based on the Levenberg - Marquardt 
method (222). To insure the uniqueness of the solution, the number of adjustable parameters 
was kept to the minimum. The baseline, the bandshape and the number of peaks were fixed, 
while the algorithm was used to calculate, by best fitting the experimental data points, the 
height (H), the full width at half height (FWHH) and the position of the individual 
components. 
The peak function was a mixed Gauss-Lorentz line shape of the form: 
. 
where Xo = peak position; H = peak height; w = FwHH; L = fraction of Lorentz 
character. 
To isolate the spectrum of water sorbed into the polymeric networks in the NIR 
frequency range and to improve the resolution of the MlR spectra in the thermal-oxidative 
degradation experiments, the spectral subtraction analysis was extensively employed (223, 
224). 
This technique IS based on the Beer-Lambert relationship and on the absorbance 
additivity. 
Thus, a difference spectrum is written as: 
53 
-----
where A is the absorbance, the subscripts d, s, and r denote the difference, the sample 
and the reference spectra, and K is an adjustable parameter which is used to compensate for 
thickness differences between the sample and the reference, It is chosen so as to reduce to the 
baseline a band characteristic of the reference spectrum. If the sample and the reference have 
the same thickness, K is equal to one. 
For the analysis of the NIR spectra the reference band to be brought to the baseline was 
the complex multiplet with a maximum at 5981 cm-\ due to VCH overtones and combinations. 
In the case of the degradation tests, it was verified that no thickness changes occurred in the 
course of the experiment, which implies a K value equal to one for all the difference spectra. 
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4. RESULTS 
4.1. Dynamic-mechanical analysis 
The mixtures of TGDDM, DOS and BMI, obtained by mixing the components at high 
temperature, were transparent and visually homogeneous. DSC measurements performed on 
the samples before curing, confirmed that were indeed single phase mixtures. The T, values 
were higher than that of the binary TGDDMlDDS mixture (-S°C), and increased as a function 
of the BM! content. According to Woo et a!. (221) the miscibility of the resin mixture before 
cure may originate from a match of their solubility parameters. 
Analogously, all the cured samples were transparent and homogeneous. Their T, was no 
longer detectable from DSC measurements and, therefore, the network structure was 
examined using dynamic mechanical analysis. 
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In Figs 7 - 9 are reported the dynamic-mechanical spectra in terms of tantS and storage 
modulus, E', as a function of temperature, for the plain epoxy resin, and for two typical 
compositions of the ternary mixture TGDDMlDDSIBMI (l00/30/50 and 100/30/100 by wt). 
All the BMI containing networks in the dry state (solid lines) exhibit a single, symmetrical 
damping peak, analogous to that observed in the plain epoxy resin. The position of the tantS 
peak moves to higher temperatures as the BMI content in the mixtures increases. The T. 
values, taken as the temperature corresponding to the tantS peak, are reported in Fig. 10 as a 
function of the concentration of BM I in the resin. 
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Fig. 10. Glass transition temperature, T" as a function of t'he BMI content for mixtures 
having a TGDDM/DDS weight ratio 100/30. 
The above observations suggest the homogeneity of the epoxy - bismaleimide 
networks, at least to the scale of the dynamic-mechanical test. This conclusion is also 
supported by Scanning Electron Microscopy (SEM) examination of fractured surfaces. For all 
the examined compositions, the surfaces were similar to those of the epoxy resin and, even at 
very large magnifications (10,000 x) did not show any evidence of phase domains of the two 
components. 
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Dynamic-mechanical tests were also perfonned on samples having absorbed the 
equilibrium amount of water to test the plasticizing effect of water in the various networks. 
The tantS spectrum of the simple epoxy resin mixture (TGDDMlDDS) displays two well 
resolved peaks, occurring at 182 and 262°C. This behaviour has already been reported in the 
literature (166, 225, 226) and has been explained as follows: The low temperature peak is due 
to the plasticization of the network by sorbed water, while the peak at 260°C is due to the T. 
of the dry sample. In other words, it has lost completely the absorbed water by the time this 
temperature is reached. 
In the presence of BMI, considerable differences are observed in the tan tS spectra of the 
wet samples: the low temperature component becomes broader, and less pronounced and 
moves to higher temperature as the BMI content increases. For the mixture containing 50 part 
by wt of BMI the low temperature peak is still partially resolved from the main relaxation, 
whereas, for the mixture containing 100 parts by wt of BMI it is just detectable as shoulder on 
the low temperature side of the peak. 
4.2. The infrared spectra of the system components and their interpretation 
The characterization at molecular level of the thennosetting systems investigated in the 
present work is largely based on infrared spectroscopy and it seems appropriate, therefore, to 
make a preliminary survey of the vibrational spectra of the single components and of their 
mixtures prior and after the curing process. The aim is to extract as much information as 
possible at molecular level from these vibrational spectra. The assignment of the various 
absorption peaks to their relative vibrational modes is reported, and the most useful bands for 
the purposes of the present investigation are identified. 
In Fig. 11 is shown the transmission FTIR spectrum in tQe range 4000 - 400 cm" of the 
uncured TGDDM resin. 
The complexity of the molecular structure of this epoxy resin makes a nonnal 
coordinate treatment (NCT) unfeasible. Thus, the proposed assignments rely heavily on the 
extensive work of Antoon on the difunctional epoxy resin EPON 828, which is based on the 
characteristic group frequency approach (227). Further interpretation of the spectrum is based 
on the works of Bellamy (228) and Colthup et al. (229) and on the quantitative interpretation 
approach of Roeges (230). The observed IR peaks, along with their tentative assignments, are 
reported in Table IV. 
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Table IV. Peak positions and tentative assignments for the uncured TGDDM resin (Fig.ii) 
Peak position (cm") 
3443 
3050 
3030 
2993 
2918 
1614 
1566 
1516 
1477 
1458 
1409 
1384 
1335 
1257 
1234 
1190 
1151 
1122 
974 
951 
906 
829 
798 
Tentative assignment 
v (O-H); Hydrogen bonded 
v" (CH,), epoxy 
v (Ar-H) 
v, (CH,) epoxy 
v" (CH,) 
ring quadrant stretching I 
ring quadrant stretching II 
ring semicircle stretching I 
ring semicircle stretching II 
8 (CH) epoxy 
Y (CH) epoxy 
ring stretching epoxy 
8 (Ar-H) 
Y (CH,) 
Y (CH,) epoxy 
epoxy 
epoxy 
half ring stretching epoxy 
Y Ar-H 
Functional group 
R-O--H-----
o 
R--<l-'§J 
* 
f 
* 
60 
753 
584 
516 
P (CH,) epoxy 
~ = antisymmetric stretching; J.j = symmetric stretching; c5= in-plane deformation; y= out-aJ-plane 
deformation; p = rocking vibration. 
Table V. Peak positions and tentative assignments for the spectrum of DDS (Fig. 12) 
Peak position ( cm-I) 
3456 - 3397 
3366 - 3336 
3242 
3053 
1632 
1592 
1496 
1435 
1337 
1294 - 1278 
1187 
1147 
1107 
1073 
832 - 824 
Tentative assignment Functional group 
v" (NH,) 
v, (NH,) 
2 x 8 (NH,) 
v (Ar-H) 
* 8 (NH,) 
ring quadrant stretching I 
ring semicircle stretching I 
ring semicircle stretching II 
v (Ar-N) 
v" (SO,) 
v, (SO,) 
v (Ar-S) 
y (Ar-H) 
* 
--- --
---
61 
737 wagging/twisting (NB,) H / R-N 
"-H 
716 - 694 wagging/twisting (NB,) H / R-N 
"-H 
648 - 635 
544 I) (SO,) 
511 
For the meaning of the symbols see footnote of Table IV 
Of particular interest for the kinetic investigations are the epoxy ring stretching mode at 
907 cm", which is relatively free from interference of other peaks and may conveniently be 
used for quantitative purposes. Other characteristic peaks of the oxirane ring are located at 
3050, 1384 and 830 cm", but these are less resolved, especially in the presence of the amine 
hardener, and therefore less useful for concentration monitoring. A broad band centred at 
3445 cm", due to the stretching of extensively self associated O-H groups, indicates the 
occurrence 'of partial hydrolysis of epoxy groups in the initial TGDDM resin. The initial 
concentration of epoxy groups in TGDDM, as determined by potentiometric titration, was 
found to be 15 % lower than the theoretical stoichiometric content. A sharp and intense 
absorption at 1519 cm" (aromatic ring semicircle stretching) provides a suitable internal 
thickness band. 
In Fig. 12 is reported the MID - FTIR spectrum of DOS. It is to be noted that, at room 
temperature, DDS is a crystalline powder and, as such, produces a spectrum with very sharp 
peaks, often splitted in pairs due to the crystal field splitting effect. This is readily seen in the 
N-H stretching region (3500 - 3100 cm") and for the doublets at 832 - 824 cm" and 648 - 635 
cm''. The molecular structure of DOS is considerably simpler that that of TGDDM, and, 
accordingly, a more precise and complete interpretation of its infrared spectrum has been 
possible. 
The observed peak frequencies and their tentative assignments are reported in Table V. 
The spectral interpretation is based on the work of Bigotto et al. on 4, 4' dimethyl-
diphenylsulphone (231) as well as on several papers appeared in the literature on the 
vibrational analysis of diphenylsulphone, with particular reference to the NeT treatment of 
Allinger and Fan (232 - 234). 
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Of particular relevance to the spectroscopic investigations of the curing process to be 
reported later, are the peaks characteristic of the -NH, group at 3456 - 3397 cm-I (Vas .NH,), at 
3366 - 3336 cm-I (V,.NH, ) at 3242 cm-I (1 SI overtone of the ow,) and at 1632 cm-I (ONH, ). 
In Fig. 13 is reported the transmission FTIR spectrum, in the 4000 - 400 cm-I interval, of 
the 100/30 wtlwt TGDDMlDDS mixture, prior to curing. 
The -NH, peaks are clearly discernible and well resolved at 3462, 3367 and 3242 cm-I. 
In particular, the stretching modes no longer display peak splitting effects, in view of the 
complete dissolution ofDDS crystals in liquid TGDDM. 
Fig. 14 displays the spectrum of the above TGDDMlDDS mixture after the standard 
curing and postcuring schedule. 
The overall resolution of the spectrum appears to be considerably reduced with respect 
to the spectrum before curing, especially in the fingerprint region between 1480 and 1180 
cm-I This is due to a general broadening of most peaks, caused by solidification, and to the 
occurrence of new absorptions. However, the main spectral features remain clearly discernible 
and the tentative assignments of the observed peak frequencies are reported in Table VI, 
where the position of the various absorbing groups within the network is also indicated. This 
information is particularly relevant for the studies on thermo-oxidative degradation to be 
described in the later part of the present thesis. 
The interpretation of the spectrum of the TGDDMlDDS network is largely based on that 
of the spectra of the two components, taking in due account the structural modifications 
occurring upon curing. In fact, the dimensions of the monomer units are so large that 
intermolecular coupling can be considered negligible and the above band assignments are 
expected to apply to the cured resin with the obvious. exception of those bands associated with 
functional groups involved in the curing reaction. Moreover, 'Ildditional bands are observed, 
arising from the new structures generated during the cure. The works of Antoon (227), Metzel 
and Koenig (53) on the vibrational analysis of anhydride cured epoxies and that of Lin et al. 
(235), and the paper by Levchik et al. (188) on the TGDDMlDDS system were also 
considered for certain specific assignments. 
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Table VI. Peak frequencies and tentative assignments for the spectmm of resin TGDDM/DDS 
100/30 weight ratio, after the curing and post-curing protocol. (Fig. 14) 
Peak position ( cm-') 
3408 
3028 - 3006 
2980 + 2780 
1721 
1662 
1611 
1594 
1514 
1453 
1359 - 1341 
1289 
1232 
1188 
1144 
1105 
1075 
814 
Tentati ve assignment 
v (O-H); Hydrogen bonded 
v (Ar-H) 
v (C-H) and v (CH,), TGDDM, DDS 
v (C=O), aldeide, ketone 
v (C=O), amide 
ring quadrant stretching I, TGDDM 
ring quadrant stretching I, DDS 
ring semicircle stretching I, TGDDM 
/) (CH,), TGDDM 
v (Ar-N), TGDDM, DDS 
v" (SO,) 
v (Ar-C-Ar) 
v, (SO,) 
v (Ar-S) 
v (C-C-O), secondary alcohol 
/) (Ar-H), TGDDM, DDS 
Functional group 
R-0-H-----
* >+HrJ:~H+( 
and 
~ 
-CH,-Q-< 
-so,-Q-< 
-CH1-Q-< 
~
-s~and 
-CH'~ 
I 
-<gct=qg-
H 
H 
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718 
687 
567 8 (SO,) 
For the meaning of the symbols refer to footnote afTable IV 
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Fig. 15a displays the spectrum of BMI powder, collected as KBr pellet, while Fig. 15b 
shows the spectrum obtained from a thin film of BMI, obtained by solution casting from a 
diluted (5 wt %) chloroform solution. 
In Fig. 15a the crystal field splitting effect is clearly detected in several peaks, most 
notably in the doublets at 3105 - 3095 cm·', 1077 - 1059 cm·', 960 - 941 cm·' and 838 - 817 
cm·'. Conversely, in the BMI film cast from chloroform, due to the high evaporation rate of 
the solvent, only a limited fraction of crystalline phase can be formed and the splitting effect 
is reduced (see, in particular, the peaks at 3104,1513,1153 and 830 cm·'). Thus, the splitting 
effect of certain peaks provides a sensitive measure of the residual crystallinity in BMI and 
will be employed for this purpose later. 
The peak frequencies of BMI and their tentative assignments, along with the functional 
groups involved in the various vibrational modes, are reported in Table VII. In this case the 
spectral interpretation is largely based on the work of Parker et al. (236), who carried out a 
comprehensive assignment of the infrared and Raman spectra of N-phenylmaleimide and its 
deuterated derivatives, and used these results to assign some of the BMI peaks. 
For the monitoring of the curing reaction, the relevant absorptions are those 
characteristic of the C=C bond of the maleimide ring. These are located at 3100 cm·' 
( V.,.H_C: and V,.H_C:' unresolved) at 1062 cm·' (in-plane bending of the maleimide C-H) and 
at 830 cm·' (out-of-plane bending of the maleimide C-H). In fact, all these peaks are strongly 
reduced in intensity upon thermal curing, as shown by the spectrum of Fig. 16, which refers to 
a BMI film cured isothermally at 200°C for four hours. 
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Fig. lSA. FTIR powder spectrum of BMI in the wavenumber range 4000-400 cm"l. The 
spectrum has been collected on a dispersion of the BMI powder in KBr (KBr pellet 
technique). 
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Fig. ISB. FTIR transmission spectru~ of BMI in the wavenumber range 4000-400 cm"l. 
The spectrum has been collected on a film cast from a diluted (5 wt %) chloroform 
solution. 
67 
1.00 
1712 
0,9 
0,8 
0,7 
0.6 
0,5 1383 
Ab, 
ISIO 
0,4 
0,3 
0,2 292-1 
J470 ]102 
0,1 
o,oo+-_____ ~----~-----~-----~-----~~ 
4000,0 3000 2000 1500 1000 400,0 
cm-I 
Fig.16. FTIR transmission spectrum in the wavenumber range 4000-400 cm·\ of a BMI 
film cast from chloroform, cured isothermally at 200°C for four hours, 
In Fig. 17 is shown the MID-FTIR spectrum of a ternary mixture TGDDMlDDSIBMI 
having a composition equal to 100/30/100 as weight ratios, 
It is noted that the peaks characteristic of the epoxy group at 906 cm·1 and those relative 
to the primary amine groups remain well resolved and display sufficient intensity to be 
employed for quantitative analysis, With respect to the BMI unsaturations, the peaks at 3100 
and 1062 cm", are both extensively overlapped. Therefore, the obvious choice for monitoring 
the concentration of BMI double bonds is the intense absorption at 828 cm", Moreover, in the 
spectrum of the BMI component isolated by subtraction $ectroscopy, the characteristis 
crystal field splitting observed in the powder spectrum, is completely absent. This provides 
clear evidence that BMI is completely dissolved (i.e, at molecular level) in the TGDDMIDDS 
mixture and that no microcrystalline structures are present in the system before curing, This 
conclusion is in agreement with the DSC results reported previously, 
Finally, in Fig. 18 is reported the MID-FTIR spectrum of the 100/301100 TGDDMI 
DDSIBMI mixture after the standard curing and post-curing protocol. Also in this case the 
salient features of the spectrum have been tabulated (Table VIII) along with the tentative 
assignments of the relevant peaks. 
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Fig.17 FTIR transmission spectrum of the TGDDMIDDS/BMI mixture (composition 
100/30/100 wt/wt) in the wavenumber range 4000-400 cm", prior to curing. 
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Fig. 18. FTIR transmission spectrum of the TGDDMIDDSIBMI mixture (composition 
100/30/100 wt/wt) in the wavenumber range 4000-400 cm", after the standard curing 
and post-curing schedule. 
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Table VII. Peak positions and tentative assignments for the spectrum of BM! (Figs. 15) 
Peak position (cm·') Tentative assignment Functional grOUp 
3470 v, (C=O) + v" (C=O) H 
H 
3104 v, (CH) and v" (CH) maleimide ~-
2924 v" (CH,) ~ 
1774 v, (C=O) 
H 
H 
1713 v" (C=O) H 
H 
1611 ring quadrant stretching I 
-Q--
1584 v (C=C) maleimide 0 
:l1}-
1513 ring semicircle stretching I 
-Q--
1440 
1386-1371 v, (C-N-C) 0 
::* ~ 
1313 8 out-of-phase (C-H) ~-maleimide 
1238 
1174 8 (Ar-H) H H 
* 
70 
1153 
1062 
1033 
941 
830 
763 
717 
696 - 687 
607 
581 
461 
v" (C-N-C) 
1) in-phase (C-H) maleimide 
v (C-C) maleimide 
y (C-H) maleimide 
yC=o 
ring deformation maleimide 
Aromatic C-C deformation 
For the meaning of the symbols refer tofootnote of Table IV 
Table VIII. Peak frequencies and tentative assignments for the spectrum of the resin 
TGDDMIDDSIBMI weight ratio, after the standard curing and post-curing protocol. 
Peak position (cm'l) 
3660 -i- 3160 
3400 
3110 -i- 3000 
3000 -i- 2780 
Tentative assignment 
v (O-H); Hydrogen bonded 
v (N-H) 
v (Ar-H) 
v (C-H) and v (CH,), TGDDM, 
DDS,BMI 
Functional group 
R-o-H .... 
-oill-CH2-
* 
71 
1779 
1713 
1614 - 1592 
1509 
1382 
1292 
1186 
1142 
1103 
1075 
814 
718 
669 
564 
v, (C=O) 
v" (C=O) 
ring quadrant stretching I, 
TGDDM,DDS 
ring quadrant stretching n, 
TGDDM 
v, (C-N-C) 
v,,(SO,), DDS and 8(Ar-H), 
BMI 
v,(SO,), DDS 
v (Ar-S) 
v (C-C-O), secondary alcohol 
8 (Ar-H), TGDDM, DDS ~ 
8 (SO,) 
For the meaning of the symbols refer to footnote of Table IV 
H 
H 
H 
H 
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-Q-
0 
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4.3. Curing kinetics 
4.3.1 The TGDDMlDDS resin 
The kinetics of curing for the binary TGDDMlDDS mixture and for a typical 
composition of the ternary TGDDMlDDSIBMI system have been investigated, at the standard 
curing temperature (i.e. 140°C), by in-situ, time-resolved FTIR spectroscopy. Figs. 19A - 19C 
show the spectra collected at various times for the binary mixture in the wavenumber ranges 
of interest for quantitative analysis. 
In the 4000 - 2600 cm" interval (Fig. 19A) the primary amine doublet at 3472 - 3375 
cm", as well as the overtone absorption at 3236 cm" decrease gradually with time and 
eventually disappears completely. A residual absorption at 3386 cm", observed in the final 
spectrum, is due to the V N _ H vibration of secondary amine groups. 
Thus, the spectral data indicate complete conversion of primary amines and partial 
conversion of secondary amines after 250 minutes of cure at 140°C. In this wavenumber 
interval it is also noted the considerable decrease in the intensity of the peaks associated with 
the oxirane ring at 3050 and 2997 cm". 
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Figs. 19. Transmission FTIR spectra of the resin TGDDMlDDS 100/30 weight ratio, at 
different times during the isothermal curing at 140°C. Figures A, Band C display the 
frequency ranges used for quantitative analysis. The baselines for the evaluation of the 
peak areas are indicated. The arrow's direction represents absorbance increase or 
decrease of the relative peaks during curing. The spectra have been normalized with 
respect to the intensity of the 1514 cm-I peak. 
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Furthennore, a broad band approximately centred at 3480 cm'!, due to the stretching 
vibration of the hydroxyl groups fonned upon curing, is seen to increase gradually with time, 
The breath and the position of this band are characteristic of extensively self-associated O-H 
groups, thus suggesting that they fonn a secondary network of hydrogen bonding interactions 
across the primary network made by covalent bonding. Fig. 19B shows the 1700 - 1400 cm'! 
wavenumber range; herewith the shoulder at 1625 cm'! (ONH,) disappears completely and the 
main peak at 1595 cm'! increases in intensity as time elapses. This effect is related to the 
fonnation of secondary amine groups which produce a 0NH vibration around 1600 cm'! (228, 
229). 
Finally, Fig. 19C shows the time evolution of the 916 cm'! absorption, taken as the 
analytical peak for monitoring the epoxide groups conversion in the reactive system. 
From the spectra reported in Figs. 19A - 19C it was possible to evaluate directly the 
relative conversion, er, of primary amine groups from the peaks at 3472 or 3236 cm'!, which 
gave essentially coincident results, and the conversion of epoxy groups. The aromatic peak at 
1514 cm'! served for thickness nonnalization. In view of the considerable broadness of most 
bands, and of their multicomponent structure, peak areas were preferred over peak heights. 
The relative conversion was evaluated as follows: 
Considering the case of primary amine groups, erNH, we may write: 
C, I--
and, for the Lambert-Beer relationship: 
AJ472 
a NH1 = 1- -j3472 
o 
Co 
I 
2 
where A,J472 and A,;472 are the integrated absorbances of the 3472 cm'! peaks at times t 
d 0 t· I I' d r th I th' kn 1·.e.(A 3472 I A"!4), and an ,respec lve y, nonna lze ,or e samp e IC ess, 
(A3472 I A !5I4)0' Since the TGDDMIDDS mixture is non-stoichiometric, a meaningful 
comparison of the conversion profiles of epoxy and primary amine groups can only be done 
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by considering the absolute conversion, that is, (Co - Ct ). In terms of spectral parameters, the 
absolute conversion is given by Coa, that is, by Co (1- A, / Aa)· 
A plot the absolute conversion of the above groups as a function of time is shown in 
Fig. 20. 
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Fig. 20. Absolute conversion of epoxy groups (0) and of primary amine groups (e) both 
as a function of time for TGDDMIDDS resin mixture cured isothermally at 140°C. 
Curves are for guidance only. Not from theoretical predictions. 
It is observed that, for the TGDDMlDDS mixture cured isothermally at 140°C, the two 
experimental curves coincide in the early stages of the process. In particular, the departure of 
the profile relative to primary amine from that of the epoxy groups starts at an amine 
conversion oL=1.3 mol kg-I, which correspond to about 75 % of the initial concentration of 
amine groups. This behaviour clearly indicates that the addition of primary amine to epoxy 
groups (step I of the mechanism reported in the introduction) is the only reaction taking place 
in the system until the primary amine concentration has been substantially reduced. This 
behaviour is in agreement with the findings of previous investigations on similar epoxy 
systems (25, 237 - 239). In particular, Bell reported that, for aromatic amines with structures 
similar to DDS, such as DDM, the rate constant for the reaction secondary amine - epoxy is 7 
-12 times slower than for the primary amine - epoxy reaction (239). 
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To obtain a complete picture of the reaction mechanism it is necessary to obtain the 
conversion profiles of the other reactive groups present in the system, that is, secondary 
amine, tertiary amine and hydroxyl groups. 
With respect to the secondary amine, it has already been noted that the peak 
characteristic of this functionality is located at 3386 cm·', and is therefore superimposed to an 
intense primary amine absorption occurring at 3375 cm·'. Thus, in the presence of primary 
amines, a method to separate out the two contributions has to be devised. For the absorbance 
additivity we may write: 
AT = a[PA) + ,blSA) 3 
where AT is the total absorbance area at 3380 cm·', normalized for the sample thickness 
l.e. AiJ80 / A"'4; [PA} and [SA} are the concentrations of primary and secondary amine 
groups, respectively, expressed in mol kg·'. The coefficients a and jJ are equal to 
CpA / c' 5I4 C 15 '4 and CSA / C'
5I4 C"I4, respectively, where the symbols CPA and CSA represent the 
molar absorptivities of the PA and SA peaks at 3380 cm"', c"" is the molar absoptivity of the 
thickness correction peak and C"14 is the concentration (mol kg"') of the group giving rise to 
the above absorption (disubstituted phenyl ring). 
In the early stages of the curing process, when only the reaction between epoxy and 
primary amine groups takes place, the mass balance equation reads: 
[SA) = [PA)o -[PA) 4 
where [pAlo is the initial concentration of primary amine. Substituting equation 4 in 
equation 3 gives: 
5 
Thus, a plot of AT versus [PA} (evaluated independently from the 3475 or 3236 cm"' 
peaks) should yield a straight line as long as the mass balance of equation 4 remains valid, 
giving a slope equal to (a- jJ) and intercept equal to pfPAlo. This diagram is reported in Fig. 
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21; it is highly linear (correlation coefficient, r', equal to 0.980) and, therefore, is suitable for 
the determination of the coefficients a(0.276 mor' kg) and jl(0.219 mor' kg). The ratio a/jl 
= 1.26, is equal to the ratio Ii PA 1lisA and, as it will be shown later, can be used to determine 
the concentration [SA] irrespective of the thickness correction peak and also the concentration 
of the group producing such a peak in the reactive system. 
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Fig. 21. Reduced absorbance of the band at 3386 cm" as a function of the concentration 
of primary amine for the resin TGDDMIDDS 100/30 weight ratio, cured isothermally at 
140°C. 
-The secondary amine concentration is obtained by rearranging eq. 3 as: 
[SA] = AT -a[PA] 
jl 6 
which becomes [SA] = AT 1 jl at later stages of curing, when the primary amine is no 
longer present. 
Having determined the concentration of epoxy groups, primary amine and secondary 
amine, the remaining functionalities, that is, OH and tertiary amines, (TA), can be directly 
78 
evaluated in the light of the curing mechanism discussed earlier, from the following mass 
balance equations: 
[TA] = [PA]o -[PA]-[SA] 
[OH] = [SA] + 2[TA] + [OH]o 
[oHl= 2{[PAlo -[PAl} -[sAl + [oHlo 
where subscript 0 denotes the initial concentration. 
7 
8 
9 
In particular, equation (8) accounts for the fact that one hydroxyl group is formed for 
any secondary amine and two for any tertiary amine, while the etherification reaction does not 
alter the O-H group concentration. 
In this way the reactive system is fully characterized; the concentration profiles of PA, 
SA and TA are reported in Fig. 22. In the same diagram is also shown the absolute conversion 
curve of the P A groups, for comparison. 
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Fig. 22. Concentration of primary amine (e), secondary amine (/l) and tertiary amine 
(0) as a function of time for the TGDDMIDDS resin cured isothermally at 140°C. The 
data pOints 0 represent the absolute conversion of primary amine and are reported for 
comparison. Curves are for guidance only. Not from theoretical predictions. 
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The curves in Fig. 22 confinn that, in the presence of primary amine, the secondary 
amine is not reactive towards the epoxy functionalities. This is evidenced by the coincidence 
of the SA profile with the absolute conversion curve ofPA in the interval up to 140 minutes, 
which also demonstrates the reliability of the method employed to evaluate the SA 
concentration. 
Obviously, in the same time range TA is consistently zero. At later stages of the curing 
process, when PAis reduced close to zero, the secondary amine groups start to be involved in 
the curing mechanism, as evidenced by the occurrence of a maximum in the SA profile at 
around 150 minutes, and by the rise of TA starting at the same point. 
6.5 
6.0 
.. 5.5 
Cl 5.0 
-" 
0 4.5 
E 4.0 
<= 3.5 ~ [EPOI 
0 
-
3.0 
'" 2.5 ~ [OHI -<= 2.0 
'" u 1.5 <= 
0 1.0 0 
0.5 
0 
0 50 100 150 200 250 300 
time (min) 
Fig. 23 Concentration of epoxy gronps (0) and hydroxyl groups (e) as a function of 
time for the TGDDM/DDS resin cured isothermlllly at 140°C. Curves are for guidance 
only. Not from theoretical predictions. 
In Fig.23 are reported the concentration profiles of epoxy and hydroxyl groups. It is 
explicitly noted that the curve relative to the O-H functionality refers solely to the groups 
produced by the curing reaction, not considering those initially present in the system, owing to 
the more explicit mechanistic significance of the data reported in this fashion. 
It is immediately apparent, comparing the curves in Figs. 21 and 22, that, even after the 
complete consumption of PA groups (i.e. after 150 minutes), the concentration of epoxy 
groups continues to decrease significantly, albeit at a slower rate, which demonstrated the 
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high reactivity of the system at 140°C through SA addition and etherification reactions, even 
in the absence of P A. 
The O-H groups concentration increases steadily in the early stages of the process (up to 
lOO minutes) when the reaction ofPA with epoxy groups dominates; afterwards the rate ofO-
H formation decreases by about one order of magnitude (from 0.021 mol kg-' min-' to 2.0 x 
10-3 mol kg" min") due to the overall slowing down of the curing kinetics, after the depletion 
of the most reactive group, and to the direct involvement of hydroxyl groups in the epoxy 
addition reaction through etherification. 
From the spectral data it can be estimated that, by the end of the process, the conversion 
of SA groups is equal to 14 % of the total amount produced by reaction of PA groups, which 
correspond to 57 % in terms ofNH equivalents, or 2.1 mol kg-I. Since the final conversion of 
epoxy groups is 4.2 mol kg-', the concentration of hydroxyl groups involved in etherification 
reactions is equal to 2.1 mol kg-I. This figure is to be compared with the amount of secondary 
amine having reacted with epoxy groups, that is 0.26 mol kg-', which shows the considerably 
higher reactivity of O-H groups relative to SA groups. 
To summarise the results of the kinetic analysis it can be stated that, for isothermal 
curing at 140°C, in the presence of the highly reactive PA groups, the only reaction that takes 
place is that between these latter groups and the epoxy functionality. When the PA 
concentration becomes negligible (at 78 % conversion, 0.42 mol kg-I) etherification and 
secondary amine addition start to play a significant role, with the former reaction being 
largely predominant. From these observations it is worth noting the striking difference in 
reactivity between primary and secondary amino hydrogens. 
4.3.2. The resin TGDDMlDDS/BMIlOO/30/100 weight ratio 
, 
In Figs. 24A - 24C are reported the spectra collected at 140°C, after different reaction 
times, for the 100/30/100 TGDDMlDDSIBMI mixture, in the wavenumber ranges of interest 
for the quantitative analysis. 
In the 4000 - 2500 cm-' and in the 1650 - 1450 cm-' ranges the observed spectral 
features closely resemble those already described for the case of the binary TGDDMlDDS 
mixture. An additional feature is represented by the rapid decrease with time of the peak 
located at 3097 cm-' (vH _C= of BMI) which clearly shows the involvement of the BMI 
unsaturations in the curing process. It is also noted that the above peak remains still detectable 
at the end of the reaction, thus indicating incomplete conversion of the BMI monomer. As far 
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as the quantitative analysis of the reactive mixture is concerned, the same peaks already 
described for the binary TGDDMlDDS mixture were employed. In particular, for the 
evaluation of the PA concentration, the 3236 cm·' band was used in place of the more intense 
peak at 3475 cm·', owing to the presence of an interfering absorption at 3472 cm·' due to the 
vc:o first overtone of BMI. The thickness correction was accomplished using the peak at 
1513 cm·', to which also the BMI monomer contribute. 
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Figs. 24. Transmission FTIR spectra of the resin TGDDM/DDS/BMI 100/30/100 weight 
ratio, after different times of isothermal curing at 140°C. Figures A, Band C display the 
frequency ranges used for quantitative analysis. The baselines for the evaluation of the 
peak areas are indicated. The arrow's direction represents absorbance increase or 
decrease of the relative peaks during curing. 
With respect to the secondary amine concentration, it can be easily shown from eq. 3, 
that 
10 
This equation shows that the value of [SA} can be obtained from the spectral parameters 
AT and A;' , provided that the absorptivity ratio lipA 1 liSA is known. This ratio, as previously 
shown, corresponds to the value aI,.6'and is equal to 1.26. 
Finally, with respect to the BMI unsaturations, the spectra in Fig. 24A clearly indicate 
that the 3097 cm-' peak (employed in previous investigations to monitor spectroscopically the 
polymerization of these types of monomers) cannot be used in the present study because of 
the severe overlapping with the TGDDM peaks occurring in the same wavenurnber range. For 
this reason the quantitative analysis was accomplished by using the well resolved peak at 827 
cm", which is shown in Fig. 24C for different reaction times. 
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Fig. 25 Concentration of epoxy groups (0), hydroxyl groups (D) and bismaleimide 
double bonds (e) as a function of time, for the resin TGDDMlDDS/BMI 100/301100 
weight ratio cured isothermally at 140°C. 
In Fig. 25 are reported the variation of concentration with time for epoxy groups, BMI 
double bonds and hydroxyl groups. 
It is noted that the BMI unsaturations react considerably faster than the epoxy groups. 
The initial reaction rate of BMI, evaluated from the slope of t~ linear portion of the curve in 
the early stages of the reaction, is 0.026 mol kg" min", while for the epoxy groups it is 0.012 
mol kg"' min"'. In terms of relative conversion, both the above functionalities reach similar 
values (72 and 74 %, respectively) at the end of the isothermal curing. 
It is noted that the reactivity of the BMI monomer in the ternary mixture is higher than 
that in the pure state. This comparison is displayed in Fig.26, were the conversion profile of 
BMI in the TGDDMlDDSIBMI system at 140°C is reported together with the profile obtained 
for pure BMI cross-linked at 180°C. The higher curing temperature adopted for the pure BM! 
was due to its melting temperature (165°C), and to the fact that no reactions take place below 
the melting point. Despite the much lower curing temperature, the conversion profile relative 
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to the ternary mixture shows a slightly faster initial rate and much higher values in the 
plateau region. 
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Fig. 26. Relative conversion, a, of the BMI double bonds for the resin 
TGDDM/DDSIBMI 100/30/100 cured isothermally at 140°C (D) and for the pure BMI 
resin cured isothermally at 180°C (0). 
Considerable differences in terms of kinetics and mechanism of curing with respect to 
the pure TGDDMlDDS mixture are revealed by the concentration profiles reported in Fig. 27, 
which are relative to the primary, secondary and tertiary amine groups, respectively. As for 
the binary mixture (see Fig. 22), also in this case the absolute conversion curve of primary 
amine groups has been added to facilitate the comparison. ~ 
Contrary to what is found for the pure epoxy resin, in this case the SA curve is 
consistently below the absolute conversion profile of P A. This means that, even in the 
presence of significant amounts of primary amine, the SA groups are partly consumed in the 
reaction with epoxy groups, albeit the reactivity ofPA remain much higher than that of SA, as 
evidenced by the linear increase of the SA profile in the early stages of the process, up to 200 
minutes. The reactivity of the secondary amine in the whole time interval is further confirmed 
by the gradual and continuous increase of the TA concentration from the very beginning of 
the process, contrary to what is found for the binary TGDDMlDDS mixture, where the TA 
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concentration increased after an initial induction period corresponding to the almost complete 
disappearance of primary amine groups. 
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Fig. 27. Concentration of primary amine (e), secondary amine (.6.) and tertiary amine 
(D) as a function of time, for the ternary mixture TGDDMlDDSIBMI 100/30/100, cured 
isothermally at 140°C. The symbols 0 refer to the absolute conversion (Co - CJ of 
primary amine, and are included for comparison. 
4.3.3 The resin TGDDMlBMI 50/50 weight ratio 
The kinetic analysis of the curing process was performed on a third system consisting of 
a 50/50 wtlwt TGDDMlBMI mixture. This measurement was performed in order to verify 
whether the reactivity of BMI in the mixture depends or not ~n the presence of the diamine 
hardener. The relative conversion versus time curves relative to the BMI unsaturations and the 
epoxy groups ofTGDDM are reported in Fig. 28. 
It is found that, in these conditions, while the epoxy groups reactivity is strongly 
reduced with respect to the case when the DDS hardener is present (compare Figs. 28 and 29), 
the BMI monomer polymerizes with an initial rate comparable to that observed in the ternary 
TGDDMlDDSIBMI mixture. After a fast initial regime of 40 minutes, which produces a BMI 
conversion of 44 %, there follows a second regime in which the BMI polymerization proceeds 
at a much slower and constant rate. 
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Fig. 28. Relative conversion, a, of the BMI unstaurations (0) and the epoxy groups (e) 
in the resin TGDDMlBMI 50/50 weight ratio, cured isothermally at 140°C. 
4.4. Modelling the curing kinetics 
Kinetic modelling of the curing process of a thermosetting system can be approached in 
two ways; that is mechanistic and phenomenological. The mechanistic approach consists in 
considering the complete set of elementary reactions which constitute the whole mechanism, 
and in writing down the single rate equations of each of these steps. A complex system of 
simultaneous differential equations is obtained in this way, which is solved numerically, 
whenever possible. The solution yields the values of the kinetic constants of each reaction 
step, which allows the prediction of the kinetic behaviour of all the species involved in the 
process, with any initial composition of the reactive mixture. 
This approach suffer from several limitations. 
1. it is rather complicated from a computational point of view and may not be 
always amenable to a numerical solution. 
11. a complete chemical characterization to provide a mechanistic model is often 
very difficult to obtain, especially for multicomponent thermosetting systems. 
iii. an analytical expression to account for the diffusional effects at later stages of 
curing is not always available. 
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Therefore the phenomenological approach is often preferred, which consists m 
modelling the kinetic behaviour of the system using empirical or semiempirical model 
equations. These are more compact in form and have been shown to work satisfactorily for 
several thermosetting systems (240 - 243). 
The model equations mayor may not have a theoretical justification, depending on 
whether their analytical expressions resemble or not those obtained on the basis of simplified 
mechanistic considerations. In particular, the widely employed kinetic expression due to 
Kamal et al. (85 - 86): 
da 
- = (K, + K,am )(1- a)" 
dt 
11 
belongs to the latter category, as shown in the introductory chapter. In this expression a 
is the relative conversion of epoxy groups, K, and K] are Arrhenius-type constants, and m and 
n are empirical power law exponents whose sum represents the overall reaction order. This 
rate equation takes into account the autocatalytic nature of the curing process with the term 
K1 d", while K, represents the kinetic constant of the uncatalyzed process. A number of 
simplifYing assumptions have been proposed in the literature, among which a widely 
employed one relies on the experimental observation that, in general, the curing of an epoxy 
resin is a second order process, i.e. m + n = 2 (66, 97). With this assumption eq. 11 reduces 
to: 
12 
In this form the Kamal equation is able to fit the experimental data over a limited 
conversion range in the early stages of the reaction, because it always predicts a final 
conversion value equal to one. In fact, this is not always the case since, as the reaction 
proceeds and the Tg of the material approaches the curing temperature, the diffusion 
controlled regime prevails. In these conditions the reaction rate decreases considerably, 
eventually vanishing well before having reached completeness. This effect is more 
pronounced as the curing temperature is decreased. It may be accounted for by substituting the 
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tenn (1 - a) in the right side of eq. 12 with the tenn (am~ - a), where a_ represents the final 
conversion reached at the investigated temperature. Thus: 
da [ (2-')](. )' dt = K, + K,a am" - a 13 
The above discussed model equations were applied to the binary TGDDMIDDS mixture 
and to the ternary TGDDMlDDSfBMI mixture 100/301100 by weight, cured isothennally at 
140°C. The purpose was to verify their predictive capability in the two systems and to detect 
possible differences in the curing mechanism of the epoxy resin in the two different 
environments. 
The analysis of the kinetic data was perfonned as follows: 
• The raw a versus time curves were smoothed to reduce the scattering of the data 
which would produce ·an excessive error when the derivative dafdt is detennined. 
The smoothing function used throughout was an asymmetric sigmoid function of the 
fonn: 
Max- Min 
y = Min + . ( x ) p 
1- -
Xi/2 
14 
Non-linear least-squares regression of the experimental data allowed the evaluation 
of the adjustable parameters Min, Max, XJl1 and p. In both cases a very satisfactory 
smoothed curve was obtained with correlation factors comprised between 0.997 and 
. 
0.999. An example of the smoothing procedure, reJative to the TGDDMlDDS 
mixture, is reported in Fig. 29. 
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Fig. 29. Relative conversion, a, of epoxy groups as a function of time for the curing at 
140°C of the resin TGDDMIDDS 100/30 weight ratio. The continuous line represents the 
curve obtained by the smoothing procedure. 
• The first derivative of the smoothed curves was numerically determined to construct 
(daJdt) versus t and then (daJdt) versus a curves. The estimation of the kinetic 
parameters was carried out by non-linear least squares regression of the model 
equations over the daJdt versus a curves (see Figs. 30A and 30B). Finally, the 
derivative profiles obtained by the model equations were numerically integrated 
using the Runge~Kutta fourth order method 10 yield the conversion profiles predicted 
by the model to be compared with the experimental dala (see Figs 3lA and 3IB). 
In Figs. 30A and 30B are compared the experimental daJdt versus a data with the 
curves predicted by the model equation 13, for the pure TGDDMfDDS resin and for the 
TGDDMfDDSIBMI, 100/301100 mixture. The fit is very satisfactory for both cases, with 
correlation coefficients equal to 0.996 and 0.998, respectively. The conversion profiles 
predicted by the modified Kamal equation are compared with the experimental data in Figs. 
3IA and 3IB. It is noticed that the model is able to describe accurately the kinetic behaviour 
of the two systems in the whole conversion range, which strongly suggests that the overall 
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mechanism responsible for the curing of the epoxy component does not change in the two 
systems. The results of the kinetic analysis are collectively reported in Table IX. 
0.006 
A 
0.005 
.. 
I 0.004 
c 
E 
0.003 
-'U 
....... 
0 0.002 
'U . . 
. 
0
000 
0.001 
o +----.---.----r---,----r---.----.-~+ 
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 O.B 
a 
Fig. 30A. Experimental da/dt versus a curve (0) relative to the curing of the 
TGDDM/DDS mixture at 140°C. The continuous line represents the curve obtained by 
best-fitting the experimental data with equation 13. 
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Fig. 30B. Experimental daldt" versus a curve (0) relative to the curing of the 
TGDDMfDDSIBMI mixture at 140°C. The continuous line represents the curve obtained 
by best-fitting the experimental data with equation 13. 
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Fig. 31A. Comparison between experimental data in the form of conversion, a, versus 
time curves and the prediction of the kinetic model for the curing reaction at 140°C for 
TGDDMIDDS mixture 100/30 weight ratio. (0): experimental data points; continuous 
line: prediction from eq. n.13. 
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Fig. 31B. Comparison between experimental data in the form of conversion, a versus 
time curves and the prediction of the kinetic model for the curing reaction at 140°C for 
TGDDMlDDSmDS mixture 100/30/100 weight ratio. (0): experimental data points; 
continuous line: prediction from eq. n.13. 
An attempt was also made to model the kinetic behaviour of the BMI monomer. It has 
been found experimentally (202, 244) and justified from mechanistic considerations (246) that 
the radical chain polymerization of aromatic maleimides may be considered as a first order 
process of the type: 
da 
-=k(a -a) 
dt f 
15 
which, upon integration, yields: 
16 
where af is the conversion of BMI double bonds for t -7 00, and k is a reaction rate 
constant which follows an Arrhenius type relationship with temperature. 
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Fig. 32. Relative conversion, a; of BMI double bonds as a function of time, for the resin 
TGDDM/DDS/BMI 100/30/100 by wt, cured at 140°C (curve A) and for pure BMI cured 
at 180°C (curve B). The symbols 0 and 0 refer to the experimental data, while the 
continuous lines represent the results of the model simulation. 
Table IX Results of the kinetic analysis for the three reactive systems investigated 
C omposllOn 
TGDDM DDS BMI 
100' 30 -
lOO' 30 100 
- -
100b 
": cured Isothermally at 140°C. 
b. cured isothermally at 180°C 
epoxy groups 
m n K, 
(min") 
0.65 1.35 0.0015 
0.45 1.55 2.5 x 10'" 
- - -
BM! d bl b d d ou e on s 
K, C'i n k af (mi~-') (min") 
0.024 0.77 - - -
0.024 0.71 I 0.023 0.63 
- - I 0.029 0.38 
-
': model equation: d a I dt = (K, + K,am )( a f - a)"; In + n = 2; autocatalytic second order 
d. model equation: d a I dt = k( a f - a)" 
The experimental a versus time curves relative to BMI in the ternary 
TGDDMlDDSIBMI mixture cured at 140°C (curve A) and to the pure BMI cured at 180°C 
(curve B), were fitted by a non-linear least-squares fitting algorithm to the relationship 
represented by equation 16. The fitted curves are compared with the experimental data in Fig. 
32, while the results of such an analysis are summarized in Table IX. 
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As theoretically predicted, the kinetic behaviour of pure BMI is reasonably well 
described by eq. 16 (correlation coefficient, r, equal to 0.988), particularly in the early stages 
of the process, up to 150 min, which possibly marks the beginning of a diffusion controlled 
regime. 
The curve relative to the ternary mixture shows an even closer agreement between the 
experimental data and the model simulation over the entire conversion range (r = 0.985 with 
. fewer data points). This result suggests that the same mechanism responsible for the BMI 
homopolymerization in the pure state, that is, a radical chain addition, may also be responsible 
for the observed conversion of the BMI double bonds in the TGDDMlDDSIBMI system. 
4.5. Water diffusion in binary and ternary mixtures 
4.5.1. Gravimetric measurements 
As already discussed in the introduction, the considerable absorption of environmental 
moisture represents one of the major drawbacks ofTGDDM based resins. Water absorption is 
expected to be reduced by introducing BMI into the network owing to its negligible tendency 
to form interactions at molecular level with water molecules. 
To evaluate the water diffusion characteristics of BMI modified TDDMlDDS resm 
systems, sorption measurements at 22°C were conducted on both unmodified epoxy resin and 
two representative compositions of the ternary TGDDMIDDSIBMI mixture, i.e. 100/30/50 
.and 100/30/100 weight ratio. In Fig. 33 are reported the weight gain versus time curves for the 
three network systems investigated. 
The pure epoxy resin absorbs a conspicuous amount of water (6.2 wt %), reaching an 
equilibrium after approximately 4000 minutes (i.e. 67 hours). The mixture containing lOO 
parts by weight of BMI shows a sorption curve notably different from that of the control 
-material: while the maximum amount of absorbed water is . lower (4.6 wt %) the initial 
sorption rate is considerably faster. The 100/30/50 composition displays an intermediate 
behaviour. 
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Fig.33. Weight gain versus time curves for the binary TGDDMlDDS resin (curve A), for 
the 100/30/50 TGDDMIDDS/BMI composition (curve B) and for the 100/30/100 
TGDDMlDDSIBMI composition (curve C). Sorption studies were carried out from 
water immersion tests at 22°C. 
A quantitative comparison of the sorption behaviour of the investigated systems can be 
achieved by use of the Fick's diffusion law (159, 247, 248). For a plane polymer sheet 
exposed to a diffusing fluid, the variation of concentration of diffusant, C, at a distance x from 
the contacting surface as a function of time, t, is represented by Fick's second law: 
oC tJ'C 
-=D-ot ox 2 
, 
18 
Where D represents the diffusion coefficient. If the initial concentration, Co.of the 
diffusant is constant at the surface and reaches a value Cmax at equilibrium, than the solution of 
eq. 18 gives (247, 248): 
4 ~ Hr [-D(2n+l)2;r2 t ] (2n+l)1lX 1--L.,.----exp , cos~--~-
;r ":0 2n + 1 L- L 
19 
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1 
Where n is an integer. The mass, M, of diffusant taken up by the polymer as a function 
of time, is obtained by integrating eq. 18 over the entire thicknessL, i.e. 
M, 8 ~ I [_D(21l+1)2 g 2/ ] 
--=1--, ~ ., exp ') M~ g- n=O (211 + It L- 20 
For M, / M ~ ratios less than 0.6, eq. 19 may be approximated by the expression: 
M, 4 (DI) 112 
---- -
M~ L g 
21 
Which provides a direct method for the evaluation of D from the initial slope of the 
curve M, / M~ versus 1°.5 ·LI. 
The sorption data relative to the three investigated compositions are compared in Fig. 34 
III the form of Fick's diagrams, that is, as M, / M~ versus 1°.5 • L· I . All curves display a 
pronounced linear region in the early stages of the diffusion process, which extends up to 
about 80 % of the total absorption range. Afterwards, the curves approach the plateau with a 
downward concavity. It has been reported by various authors that the water sorption curves 
for TGDDM based resins (249), and bifunctional epoxies (167, 168, 250) are approximately 
Fickian, provided that no additional curing or irreversible degradation of the network occur at 
the testing conditions. The plots in Fig. 34 clearly reveal the gradual increase of the diffusion 
coefficient by increasing the BMI content in the mixture. The value of D increases from 0.90 
x 10·' cm' S·I for the unmodified resin to 2.16 x 10·' cm' S·I f<ir the 100/301100 composition. 
The diffusion coefficients and the equilibrium water sorption, evaluated gravimetrically, are 
collectively presented in Table X. 
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Fig.34. Fick's diagrams for the binary TGDDMfDDS resin (0), the 100/30/50 
TGDDM/DDS/BMI composition (~) and the 100/30/100 TGDDMmDS/BMI composition 
(D). Sorption tests carried out in water at 22°C. 
4.5.2. Spectroscopic determination of the water diffusion parameters 
To obtain further information about the diffusion behaviour of the TGDDMfDDS resin 
and ofthe BMI containing networks, a study as a function of temperature was carried out. The 
aim was to obtain, besides the diffusion coefficient, an estimation of the energetic parameter 
(activation energy) controlling the transport of water within the polymeric networks. 
For this study, which was performed on the unmodified TGDDMlDDS resin and on the 
BMI containing composition showing the largest difference in diffusion behaviour (i.e. 
system 100/3011 00), a spectroscopic technique was developed, based on time-resolved FTIR 
measurements in the near infrared region (FT-NIR, 10,000 - 4,000 cm") to study directly the 
transport process. 
The choice of the near infrared range in place of the more conventional mid-IR interval 
(MlR, 4000 - 400 cm") was dictated by two reasons: 
First, water exhibits an intense and characteristic spectrum in the NIR range, while 
showing poor spectroscopic contrast in the MlR interval. 
Second, in the NIR range are located the overtone and combination bands, whose 
intensity is about one order of magnitude lower than that of the corresponding fundamentals 
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Abs 
occurring in the MIR range. This allows the use of thick samples (from O. I 0 mm up to several 
mm) without facing the problem of signal saturation. Conversely, in the MID interval, in 
order to keep the peaks' absorbance in a range where the linearity with concentration is 
maintained, the sample thickness cannot exceed 50 Ilm. For such samples the mass transport 
becomes so rapid that it would be difficult to investigate even with a fast-scanning technique 
as it is FT-IR spectroscopy. 
In Fig. 35 are reported the FT-NIR spectra in the range 8000 - 4000 cm' \ of the uncured 
TGDDMlDDS resin (trace A), of the fully cured, vacuum dried TGDDMlDDS resin (trace B), 
and of the same resin having absorbed the equilibrium amount of water (6.2 wt %, trace C). 
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Fig. 35. FT -NIR transmission spectra in the wavenumher range 8000 - 4000 cm" of the 
TGDDMlDDS 100/30 mixture hefore curing (trace A); the fully cured, vacuum dried 
, 
TGDDMIDDS mixture (trace B); above mixture having absorbed the equilibrium 
amount of water (6.2 wt %, trace C). 
The main features of the NIR spectrum of the TGDDMlDDS mixture in both uncured 
and cured states have been discussed in detail elsewhere (25 I). Here it is sufficient to note that 
the residual epoxy groups content after post-curing is very low, as evidenced by the almost 
complete disappearance of the characteristic epoxy absorption at 4525 cm". Also noted is the 
vanishing of the primary amine doublet located at 5070 and 5008 cm" and the peak at 6676 
cm", originating, respectively, from a (V,.NH, +" NH,) combination, a (Va,.NH, +" NH,) 
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combination and a V"NH, first overtone, A residual absorption characteristic of secondary 
amine (VNH first overtone) is detected at 6680 cm", indicating incomplete SA conversion after 
post-curing. The above spectral features are consistent with the results obtained by analysis of 
the infrared spectra in the MIR interval. 
Comparison of spectra Band C of Fig. 35 immediately reveals a characteristic peak of 
absorbed water at 5215 cm", which is assigned to the combination of the asymmetric 
stretching (v
a
,) and the in-plane deformation (b) of water, occurring, respectively, at 3755 
and 1595 cm" in the vapour phase spectrum. 
The 5215 cm" peak is reasonably well resolved, free from interference by the polymeric 
substrate and of sufficient intensity to be considered as an ideal candidate for the quantitative 
determination of the water content in the sample. It is known that another absorption peak for 
water occurs around 6900 cm" in the form of a complex multicomponent band, which is due 
to the combination of va, and v, fundamentals. This band is superimposed on the much 
stronger absorption due to the first O-H overtone of the hydroxyl groups of the epoxy resin, 
and produces only a broadening and a slight increase in intensity of the above profile. 
However, the spectrum of water in this region provides important information at molecular 
level, and will be analyzed in detail in the next paragraph. 
The FT-NIR transmission spectra of both uncured TGDDMlDDSIBMI, 100/301100 
mixture, and fully cured (vacuum dried) resin, as well as of the latter after absorbing an 
equilibrium amount of water (4.6 wt %) are shown in Fig. 36, traces A, B and C, respectively. 
The main features of these spectra are common to those of the control material. In both 
cases the fully cured material displays the complete disappearance of the primary amine 
doublet at 5074 and 5014 cm", the essentially complete depletion of the epoxy peak at 4523 
cm", and a residual absorption at around 6680 cm", due ~ to incomplete conversion of 
secondary amines. These spectral features are again consistent with those observed and 
discussed in the MlR wavenumber interval. 
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Fig. 36. FT-NIR transmission spectra in the wavenumber range 8000 - 4000 cm-' of the 
TGDDMIDDSfBMI 100/30/100 mixture before curing (trace A); Fully cured, vacuum 
dried TGDDM/DDS/BMI mixture (trace B); above mixture having absorbed the 
equilibrium amount of water (4.6 wt %, trace C). 
The water sorbed in the network produces a mam absorption at 5231 cm", that is, 
slightly above the peak maximum in the plain epoxy resin, and a broadening of the profile in 
the 7500 - 6500 cm". 
In Fig. 37 are reported the absorbance area for the main water peak, normalized for the 
sample thickness (reduced absorbance), as a function of the water content in the sample, 
which was determined gravimetrically, for the unmodified epoxy resin (curve A) and for the 
, 
BMI containing 100/30/1 00 mixture (curve B). These plots give two straight lines passing 
through the origin, with correlation coefficients of 0.998 for line A, and 0.997 for line B, and 
slopes are equal to 121.8 cm-2 and 155.2 cm", respectively. These diagrams demonstrate that, 
in both systems, absorption data follow the Beer-Lambert law over the entire concentration 
range of water absorbed in the material, and make it possible to measure directly the water 
content by spectroscopic means. The calibration curves are also insensitive to sample 
thickness over a wide thickness range, as demonstrated by the solid symbols which were 
obtained for specimens 2.70 - 2.80 mm thick, while the open symbols refer to samples 0.150 
- 0.220 mm thick. The fact that the slope of the two straight lines are different is attributed to 
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different values of the molar absorptivity for the water peak, which in turn, may originate 
from the fact that water molecules are in different molecular environments and interact 
differently with the two polymeric networks (see later discussion). 
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Fig. 37. Calibration curves of the reduced absorbance of the (Va, + 6) peak versus water 
content for resin TGDDMIDDS 100/30 (curve A) and for resin TGDDMIDDS/BMI 
100/30/100 (curve B). The open symbols are for specimens 0.150 - 0.220 mm thick. The 
solid symbols refer to specimens 2.70 - 2.80 mm thick. 
To investigate the transport of water at different temperatures by FT-NIR spectroscopy, 
the isothermal desorption mode was used, so that spectroscopic interference due to liquid 
water could be eliminated. 
The transmission FT-NIR spectra in the wavenumber range 6\00 - 4500 cm", collected 
at various times during desorption experiments on the TGDDMlDDS resin at 22°C, are shown 
in Fig. 38. 
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Fig. 38. FT-NIR transmission spectra collected at different times in the frequency range 
6100 - 4500 cm·' during the desorption measurements carried out at 22°e. The baseline 
for the evaluation of the peak area is also indicated. 
These reveal the gradual decrease in intensity of the 5215 cm-' peak, due to the 
depletion of the penetrant molecules from the sample. The same features are observed in the 
case of the BMI containing resin system. 
The reduced absorbance of the 5215 cm" peak is plotted as a function of time in Fig. 39. 
This displays, on the right hand ordinate scale, the e-xperimental data points in terms of wt % 
absorbed water obtained from the calibration curve in Fig. 37 A~ 
In Fig. 40 are compared the reduced absorbance versus time curves for the desorption 
measurements carried out at 22°C, 45°C and 60°C, respectively. 
Analogously, Fig. 41 displays the same curves for measurements on the 
TGDDMlDDSIBMI 100/30/100 mixture carried out at 22°C, 39°C, 54°C and 60°C. 
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Fig. 39. Reduced absorbance of the (vo, + 0) water peak as a function of time for the 
desorption measurement carried out at 22°C on the resin TGDDM/DDS 100/30 weight 
ratio. The Y-axis on the right represents the % water content of the specimen 
determined from the calibration curve in Fig. 37. 
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Fig. 40. Reduced absorbance of the (v" + 0) water peak as a function of time for the 
desorption measurement carried out at various temperatures on the resin TGDDMIDDS 
100/30. 
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Fig. 41. Reduced absorbance of the (v" + 5) water peak as a function of time for the 
desorption measurement carried out at various temperatures on the resin 
TGDDMIDDS/DDS 100/30/100. 
The above absorbance data can be used to make a direct estimation of the absolute 
parameters of the diffusion process (247, 248). Due to the invariance of the sample thickness 
during the measurement, we may write: 
22 
where Co, C, and Coo represent, respectively, the concentration of water into the sample 
at times 0, t and at equilibrium. 
The desorption curves at the various investigated temperatures for the unmodified epoxy 
resin and for the 100/30/100 resin system, are reported in the form ofFick's diagrams in Figs. 
42 and 43, respectively. For both sets of data the curves display a linear region which extends 
to ordinate values equal to approximately 0.8 and, therefore, provide a reliable way of 
determining the diffusion coefficients. These are collectively reported in Table X. 
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Fig. 42. Fick's diagrams for the desorption measurements carried out at various 
temperatures on the resin TGDDMlDDS 100/30. 
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Fig. 43. Fick's .diagrams for the desorption measurements carried out at various 
temperatures on the resin TGDDMIDDS/BMI 100/30/100. 
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It is noted that, at 22°C the desorption process in the TGDDMlDDSfBMI mixture is 
considerably faster than that in the unmodified epoxy resin, similarly to the sorption 
behaviour at the same temperature. At higher temperatures, the desorption from the ternary 
mixture remains faster than that for the unmodified epoxy resin, but the difference gets 
smaller and smaller. While at 22°C the two diffusion coefficients differ by 140 %, at 60°C 
this difference reduces to 57 %. 
The diffusion of a penetrant into a polymeric network is a thermally activated process, 
and, as such, its temperature dependence can be expressed by an Arrenius-type relationship 
C159, 247, 248), i.e. 
23 
where Do is the pre-exponential factor, Ea IS the activation energy of the diffusion 
process and R is the gas constant. 
1 
'" 
N 
E 
u 
o 
c: 
-16.5 -j-__ ...1.-__ ..l...-__ L-__ -'--__ -'--_--j-
o : unmodified resin 
-17.4 
• : BMI modified resin 
-18.3 
-19.2 
-20.1 
E. = 9.5 kcal mol-I ~ 
-21 
2.9 3.0 3.1 3.2 3.3 3.4 3.5 
Fig. 44. Arrhenius plots of the diffusion coefficients for the resin TGDDMIDDS 100/30 
CO) and the resin TGDDMlDDS/BMI 100/30/100 ce). 
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The plots of InD versus liT for the unmodified epoxy resin and the BMI containing 
fonnulation are shown in Fig. 44, curves A and B. Both are highly linear, with correlation 
coefficients, r, equal to 0.995 and 0.997. For the epoxy resin the values of Ea and Do 
calculated from the slope and intercept of the relative straight line, are 9.5 kcal mol·' and 1.8 x 
10·' cm's·', respectively. 
Table X DifJilsion coefficients from gravimetric sorption tests and FT-NIR desorption 
measurements for the various network systems investigated 
Composition Temperature D 
(weight ratio) (0C) (cm's·') x 10· 
TGDDM DOS BMI 
100 30 22 0.90' 
100 30 22 1.53b 
100 30 36 3.05b 
100 30 45 4.49b 
100 30 60 9.97b 
100 30 50 22 1.54' 
100 30 100 22 2.16' 
100 30 100 22 4.92b 
100 30 100 39 8.28b 
100 30 100 54 13.9b 
100 30 100 60 15.7b 
a: gravimetric sorption measurements 
b: FT-NIR desorption measurements ~ 
These values compare favourably with those reported in the literature for analogous 
systems obtained by gravimetric sorption measurements at different temperatures. This is 
particularly true for Eo' whose value has been reported by different investigators to lie within 
the range of 11.8 and 8.1 kcal mol·'. The agreement between the absolute parameters of 
diffusion obtained in the present work and those reported in the literature provides evidence 
for the reliability of the spectroscopic approach to monitor the diffusion process and indicates 
that the sorption and desorption processes coincide with one another. For the 100/30/100 
composition the E, value is equal to 6.1 kcal mol·', that is, about 1.5 times lower than that of 
the unmodified resin, while the pre-exponential factor remains essentially unchanged (1.6 x 
10·' cm's·'). 
4.5.3. Molecular interactions between water and the polymeric networks 
As already discussed in the introduction, in most investigations concerning the sorption 
of water in epoxy based systems, a principal and still controversial point concerns the 
molecular interactions between water and the polymeric network and their role in determining 
both the diffusion behaviour and the final properties of the material. 
As for the nature of these interactions, there appears to be a general consensus on their 
hydrogen-bonding origin, but ample debates there are still on the functional groups involved 
and on the structure of the molecular adducts. 
Owing to its sensitivity and specificity, vibrational spectroscopy is one of the best suited 
techniques for the study of extensively hydrogen-bonded molecular structures (252). Its 
usefulness is directly related to the considerable effects that such interactions produce on the 
vibrational spectrum. 
If we consider a typical proton donor such as the hydroxyl group, hydrogen bonding 
reduces the force constant of the O-H bond, thereby producing a decrease of its stretching 
frequency. This shift towards lower frequency is directly related to the strength of the 
interaction. Based on the harmonic oscillator model, the reduction in force constant caused by 
the interaction, can be represented by the equation: (252, 253) 
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where J1 = m,m, f(m, + m,), corresponds to the reduced mass of the oscillator, v is the 
oscillating frequency and/is the force constant. The subscripts b and nb denote, respectively, 
bonded and non-bonded oscillators. Thus, the lower the peak frequency, the stronger the 
interaction. 
On the other hand, hydrogen bonding interactions, having a highly directional character, 
act as constraint to both in-plane and out-of-plane deformation vibrations, thus producing 
frequency shifts in the opposite direction (i.e. towards higher frequencies) for these modes 
(252,253). 
For a first overtone or a combination of two stretching fundamentals, the frequency 
shift caused by hydrogen bonding will be, respectively, twice or the sum of the shifts caused 
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For a first overtone or a combination of two stretching fundamentals, the frequency 
shift caused by hydrogen bonding will be, respectively, twice or the sum of the shifts caused 
to the fundamental vibrations, and this effect greatly helps in improving the resolution and in 
separating the individual components which generally remain unresolved in the MlR 
spectrum. Conversely, if we consider a combination of a stretching and a bending 
fundamental, then the resulting shift will be the difference between the shifts produced on the 
above vibrations, and therefore the resolution in the NIR interval will be worse than that in the 
MlR frequency range. Since the effect on stretching vibrations is stronger than that on 
bending modes, the shift of the combination will be towards lower frequencies. 
A further important advantage of NIR spectroscopy over MIR for the study of 
extensively hydrogen bonded systems arises from the fact that, while in the fundamental 
region the absorptivities of bonded species are generally much larger than those of non-
bonded species, in the overtone and combination region these absorptivities are very similar in 
magnitude. Against these advantages, there is the higher uncertainty of the NIR assignments. 
In the light of the above considerations, it was decided to use NIR spectroscopy for 
investigating the water/polymer interactions in the systems under examination. Before 
entering the details of the spectral analysis, it is useful to summarize briefly the salient 
features of the infrared spectrum of water (254 - 256). 
For the isolated molecule in the gas phase, there are three absorptions in the O-H 
stretching region, showing a distinct rotational fine structure. These are centered, respectively, 
at 3151 cm"' (28), 3652 cm"' (v,) and 3755 cm"' (v,,); the in-plane bending mode (8) occurs at 
1595 cm"'. The above fundamental vibrations produce, in the NIR interval, a (v, + v,,) 
combination at 7250, a 2v, overtone at 7201 cm"' (unresolved). and a (v" + 0) combination at 
5331 cm"'. 
In passing from vapour to liquid, the resulting hydrogen bonding interactions cause the 
occurrence of broad and asymmetric absorptions, both in the MIR and in the NIR ranges. In 
particular, the VO"H fundamental appears as a featureless band approximately centred at 3450 
cm"', while the 8 mode, located at 1650 cm"', remains considerably sharper than the v modes. 
In the NIR spectrum the effect of passing from the gas phase to the liquid is similar to that 
observed in the MlR. A very broad band approximately centred at 6900 cm·' arising from a (v, 
+ v,,) combination is observed, together with a narrower band at 5175 cm"', due to the (v" + 8) 
combination. The origin of the breadth of the v bands both in the MIR and NIR ranges, and 
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the absence of any evidence of a fine structure, is still a controversial issue, but relevant for 
the present investigation. 
For water in the liquid phase two main types of structural models have been proposed, 
the continuum model and the mixture models. In the continuum model the water molecules 
are assumed to be completely hydrogen-bonded at room temperature and the length and the 
angles of these bonds are continually distributed over a relatively wide range (256 - 259). 
Each of these species absorbs infrared radiation at a slightly different frequency, thus 
accounting for the observed band width. 
In the mixture models, the structure of liquid water is described in terms of a relatively 
small number of discrete species (256, 259 - 262). A well established model assumes the 
existence of three spectroscopically distinguishable species denoted So, SI and S" where the 
subscript refers to the number of hydrogen atoms involved in hydrogen bonding: 
It is explicitly noted that this model focuses on the ptoton donor groups. Hydrogen 
bonding through the electron lone pair of the oxygen atom is not considered because it is not 
spectroscopically observable. In fact, this interaction may increase the width of the absorption 
bands of the three species, but do not provide sufficiently large energy gaps to afford their 
resolution. 
The absence of a fine structure in the VO•H bands of liquid water has initially been 
considered by some authors (263) as an argument against the mixture models, but has later 
been shown to be unfounded (264, 265). Furthermore, the spectrum of water in diluted 
solutions of non-interacting solvents, clearly reveals the presence of several well resolved 
III 
comilonents, particularly in the NIR range. Hence, at least In solution, there IS ample 
experimental evidence in favour of the mixture models. 
Several authors have pointed out that many of the disagreements about the two models 
can be attributed to experimental artefacts and/or to the characteristic time scale of the 
technique used. 
In the light of the above considerations we can move forward to the interpretation of the 
spectrum of water absorbed in the investigated networks. In Fig. 45 are reported the (v + 0) 
combination peaks for water molecules in three different networks. In particular, spectrum A 
refers to the plain TGDDMlDDS resin (water content 6.2 wt %), spectrum B to the 
100/30/100 TGDDMlDDSIBMI composition (water content 4.6 wt %) and spectrum C is 
relative to a BMI resin thermally cured without the addition of extraneous hardeners (water 
content 2.5 wt %). 
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Fig. 45. FT -NIR transmission spectra in the wavenumber range 5400 - 4900 cm" of 
three networks which have absorbed the equilibrium amount of water; trace A: 
TGDDMIDDS 100/30 (water content 6.2 wt %); trace B: TGDDM/DDSIBMI 100/30/100 
(water content 4.6 wt %); trace C: cured BMI (water content 2.5 wt %). The absorbance 
scale refer to spectrum A; the other two spectra have been expanded to full scale to 
facilitate the comparison. 
From a purely interactional point of view, the BM! network is essentially hydrophobic, 
due to the negligible tendency of the imide carbonyls to act as proton acceptors (266). It is 
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observed that, in passing from the BMI network to the TGDDMlDDSIBMI mixture and to the 
pure epoxy resin, the peak frequency shifts toward lower wavenumbers (5244, 5231 and 5215 
cm·', respectively) and, more importantly, becomes increasingly broad and asymmetric, 
developing a well defined shoulder in the low wavenumber side of the main absorption for the 
TGDDMlDDSIBMI network, which considerably increases in intensity in the case of the 
TGDDMlDDS network. The interpretation of these spectral features is rather straightforward: 
The multi component profiles observed in spectra A and B clearly indicate the simultaneous 
presence of different molecular species of water in the corresponding network. In particular, 
the shoulder at lower frequency is due to water molecules involved in rather strong hydrogen 
bonding interactions, while the main peak can be attributed to non-interacting water 
molecules. This assignment is confirmed by the spectrum of water in the BMI network, where 
no hydrogen bonding with the polymeric substrate is expected to occur. Here a relatively 
sharp, symmetrical and fully resolved peak is found at 5244 cm·'; the low intensity satellite 
band occurring at around 5120 cm·' will be interpreted in the light of the spectral features 
observed in the VO.H wavenumber range. The downward shift of the main component in going 
from spectrum A to C, is also related to the increasing intensity of the unresolved shoulder, 
which causes the broadening of the whole profile and the displacement of its maximum 
position. 
It is clear, by inspection of the spectra in Fig. 45 that, for the TGDDM based resins, the 
amount of water interacting with the network decreases considerably in the presence of the 
BMI component (compare spectra A and B). However, although the 5500 - 4800 cm·' region 
is useful to gather qualitative information at molecular level, it is less so for a more accurate 
quantitative analysis. This occurs because, as already noted, hydrogen bonding has an 
opposite effect on stretching and bending vibrations and this reduces considerably the 
~ 
possibility to resolve the various components of the complex profile. 
It is therefore worth analyzing in more detail the 7800 - 6000 cm·' interval, where the 
combination of the two stretching fundamentals (v" + v,) is expected to occur. In this 
wavenumber range the TGDDM containing networks display an intense and complex V O. H 
overtone band due to the hydroxyl groups of the epoxy resin, which obscure the water 
spectrum. In fact, as already noted, the presence of water into the network causes a general 
increase of the total absorbance area, particularly at around 6800 and 6400 cm·' (compare 
spectra A and B of Fig. 46 and spectra A and B of Fig. 47. 
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Fig. 46. Transmission FT -NIR spectra in the range 7800 - 5400 cm" for the resin 
TGDDM/DDS 100/30. Trace A: Sample containing 6.2 wt % absorbed water. Trace B: 
Dry sample; Trace C: difference spectrum A - B. The absorbance scale refers to spectra 
A and B. To facilitate the comparison spectra A and B have been arbitrarily shifted 
along the ordinate axis and the absorbance scale of spectrum C has been amplified by a 
factor of 4. Sample thickness = 3.57 mm. 
In order to eliminate the interference of the polymeric network and to isolate the 
spectrum of sorbed water, a spectral subtraction analysis was performed. Thus, the spectrum 
of the completely dry specimen was subtracted from that of the same specimen having 
absorbed a given amount of water, using the complex multiplet in the 6100 - 5300 cm" 
interval as reference band to be reduced to zero (to the baseline). The vibrational origin of 
these modes (nearly 100 % C-H stretchings) makes the absorptions in this range insensitive to 
the presence of water in the resin. The results of the spectral subtraction analysis are reported 
in spectrum C of Fig. 46 for the TGDDMlDDS resin, and in spectrum C of Fig. 47 for the 
100/30/100 TGDDMlDDSIBMI formulation. The two difference spectra show that the V C•H 
mUltiplet is completely eliminated and a three-component profile emerges, consisting of two 
sharp, fully resolved peaks centred at 7075 and 6820 cm" and a broader band at lower 
wavenumbers (around 6535 cm"). While the peak positions remain approximately the same 
for the two difference spectra, the relative intensities of the three components change (see 
later discussion). 
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Fig. 47. Transmission FT -NIR spectra in the range 7800 - 5400 cm-J for the resin 
TGDDMIDDS/DDS 100/30/100. Trace A: Sample containing 4.6 wt % absorbed water. 
Trace B: Dry sample; Trace C: difference spectrum A-B. The absorbance scale refers 
to spectra A and B. To facilitate the comparison spectra A and B have been arbitrarily 
shifted along the ordinate axis and the absorbance scale of spectrum C has been 
amplified by a factor of 4. Sample thickness = 4.50 mm. 
The subtraction spectra characteristic of sorbed water are very reproducible. This is 
demonstrated in Fig. 48 where are reported the difference spectra for the TGDDMlDDSIBMI 
mixture, with different contents of sorbed water. 
The results of the spectral subtraction analysis have rele~ant implications. For instance, 
the fact that it has been possible to isolate the water spectrum by difference spectroscopy 
indicates that the spectrum of the dry resin matches exactly the spectrum of the resin after 
water sorption, particularly in the O-H stretching region, irrespective of the amount of water 
present in the sample. Even minor differences in the peak position and/or in the relative 
intensity of the individual components which are responsible for the VO-H band of the epoxy 
resin, would produce readily detectable derivative-type features in the difference spectrum. 
This implies that the network of hydrogen bonding interactions formed among the hydroxyl 
groups of the epoxy resin is not perturbed by the presence of absorbed water. This finding is 
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in agreement with the work of Ielinski et al. based on quadrupole-echo NMR measurements 
(145). 
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Fig. 48. FT-NIR difference spectra in the wavenumber range 7800 - 5800 cm" of the 
resin TGDDMlDDSIBMI 100/30/100 with different water content (from top trace to 
bottom trace: 4.6, 4.0, 3.6, 2.6, 1.0, 0.42, 0.35 wt % absorbed water). 
The VO•H spectrum of water absorbed in the TGDDMlDDS reSIn and in the 
TGDDMlDDSIBMI mixture is strikingly similar to that obtained for diluted solutions (up to 
0.1 mol fraction) of water in acetone (compare Fig. 49A with Fig. 49B and Fig. 49C) 
In the latter case, three principal components are also observed at 7065, 6850 and 6535 
cm". The relative intensity of the component at 6535 cm-' :vas found to increase, at the 
expenses of the one at 7065 cm", with increasing water concentration and temperature. The 
same behaviour was observed for dioxane/water mixtures (256). The multi component 
spectrum demonstrates the existence of three distinct water species in solution. Choppin and 
Violante (256) assigned the peaks at 7065, 6850 and 6535 cm" respectively to isolated water 
molecules of the type So, singly hydrogen bonded molecules of the type S, and doubly 
hydrogen bonded water molecules of the type S2' A fourth, low intensity peak was detected at 
7386 cm-', whose origin was uncertain (it was tentatively attributed to a (v, + v, + vC> where 
vL is a librational mode). This peak, however, did not display any definite trend with either 
temperature or concentration and was therefore neglected in the quantitative analysis. 
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Interestingly enough, also the difference spectra ofFigs.54B and 54C, display a low intensity 
component at about the same position, which, accordingly to the data analysis of the above 
authors, is not considered . 
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Fig. 49. Curve fitting analysis in the 7800 - 5800 cm" range, relative to the spectrum of 
water in different environments. A) 5.0 wt % solution of water in acetone; B) Water 
sorbed in the resin TGDDMIDDS 100/30 (6.2 wt %); C) Water sorbed in the resin 
TGDDMIDDSIBMI 100/30/100 by wt (4.6 wt %); D) Water sorbed in a cross-linked BMI 
resin (2.5 wt %). In each Figure are shown the experimental data, the simulated profile, 
the resolved components and the residual. 
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By analogy with the spectrum of water dissolved in acetone, the peak at 7075 cm,l in the 
spectrum of water sorbed in the two TGDDM containing networks is assigned to a 
combination of the v" and Vs modes of non-hydrogen bonded water (So molecules), The peak 
at 6820 cm'l is attributed to the combination of vob and Vb fundamentals in self-associated 
water molecules forming a single hydrogen bonding interaction (SI molecules): 
Finally, the broad component centred at 6535 cm,l must be due to a 
(v) + VI) combination of water molecules whose hydrogens are both involved in strong 
hydrogen bonding interactions with proton accepting groups located on the polymeric 
network (S, molecules). 
The breath of this band (three times larger than the 7075 cm'l peak and four times larger 
than the peak at 6820 cm'l) is related to the occurrence of different interactions (i.e. with 
different proton accepting groups) which produce a comparatively large distribution of 
hydrogen-bonding strengths. Thus, the two high frequency peaks must correspond to water 
molecules characterized by a high molecular mobility, since they do not interact with the 
polymeric network. It is reasonable to presume that these species are confined into excess free 
volume elements (microvoids) of an appropriate size not to have any effect on physical 
properties related to molecular relaxations. This population of absorbed water molecules can 
-be easily removed by heating at relatively low temperatures. Conversely, the water molecules 
bound onto specific sites along the polymer network, giving rise to the low frequency band, 
are responsible for the plasticization of the material. By comparing the spectra of Figs. 49B 
and 49C it is apparent that, in the presence of BM I, the fraction of interacting water molecules 
bound to the network decreases significantly with respect the plain TGDDMlDDS resin. 
In Fig.49D is reported the spectrum of the pure BMI network containing 2.5 wt % 
absorbed water. For this system only two water peaks are observed, corresponding to the So 
and SI species. These peaks are equivalent, with respect to shape and position, to those 
assigned to the same water species in the TGDDM containing networks (compare the values 
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of the spectral parameters reported in Table XI). It is worth noting that the BMI network has 
no interfering absorptions in the 8000 - 5800 cm" range, so that the spectrum of water can be 
directly observed without the need of spectral subtraction. The coincidence of the peaks 
characteristic of So and S, water species in the BMI network with those in the TGDDM 
containing systems confirms, on one hand, the proposed assignments and the reliability of the 
spectral subtraction analysis. On the other hand, the complete absence of a third low 
frequency band demonstrates that, for the BMI network, the sorbed molecules do not form 
any hydrogen bonding interaction with the polymeric substrate, in accordance with the 
negligible propensity of the imide carbonyls to act as proton acceptors. The S, water species is 
likely responsible for the low intensity satellite band observed at 5120 cm" [a (v + cl) 
combination]. 
A quantitative analysis of the spectral profiles reported in Figs. 49A - 49D has been 
performed using the curve-fitting algorithm described in the experimental section. This 
approach makes it possible to obtain a more precise estimation of the relevant spectral 
parameters and to evaluate their relative amount. The results of such an analysis are reported 
in Tab.XI. 
Table XI. Results of the curve fitting analysis of the spectrum of water In different 
environments in the wavenumber range 8000 - 4000 cm" 
Peak I Peak 2 Peak 3 
(So) (S,) (S,) 
environment conc. center FWHH Area' center FWHH Area' center FWHH Area' 
(wt %) (cm") (cm-') (%) (cm") (cm") (%) (cm") (cm") 
acetone 5.0 7063 220 55 6850 220 29.3 6535 265 
~ 
100/30' 6.2 7076 160 29.5 6820 230 28.0 6535 665 
100/3011 OOb 4.6 7070 152 39 6835 240 30 6570 595 
BM! 2.5 7079 165 86.3 6825 185 \3.7 - -
': TGDDM/DDS /00/30 weight ratIO 
b. TGDDM/DDS/BMf /00/30//00 weight ratio 
, A· 
: % relative area: -' . 100 . 
Alot 
In Figs. 50 and 51 are shown the relative absorbance areas of the three components as a 
function of water content, for the TGDDMlDDS resin and for the TGDDMlDDSIBMI 
mixture. 
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Fig. 50. Relative absorbance area of the three components of the spectrum of water 
absorbed in the resin TGDDMlDDS 100/30 as a function of the total amount of water 
present. 
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Fig. 51. Relative absorbance area of the three components of the spectrum of water 
absorbed in the resin TGDDMIDDSIBMI 100/30/100 as a function of the total amount of 
water present. 
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The data in Fig. 50 indicate that, increasing the sorbed water in the resin results in a 
slight decrease in the relative absorbance area for the 7075 and 6820 cm·' peaks and a 
corresponding increase for the band at 6535 cm-I. In the case of the plain epoxy resin these 
observations point to a slight increase of the penetrant molecules interacting with the network 
with increasing concentration of sorbed water. A different picture is found for the BMI 
containing network (see Fig. 51). In this case the relative area of the low frequency 
component remains essentially unaffected, while the 6825 cm-' peak increases slightly at the 
expenses of the 7075 cm-' peak, by increasing the water content in the sample. 
An analysis of water/acetone and water/dioxane solutions as a function of temperature, 
based on a curve resolving approach similar to that used in the present study, has enabled 
previous authors to estimate the integrated absorption coefficients, a, for the So, S, and S, 
species, which is defined as: 
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'., 
where E:v is the molar absorptivity at frequency v, and the two limits VI and v, refer to 
the range over which the integration is performed. In terms of a, the reduced absorbance, A, 
is given by: 
A =aC 26 
where C is the concentration of the absorbing species. The values of a for the S" S, and 
S2 species were evaluated, respectively, 4.1 (± 0.1) x 10-',4.8 (± 0.2) x 10-' and 5.3 (± 0.5) x 
10·' for acetone solutions and 4.1 (± 0.1) x 10-',4.8 (± 0.1) x 10-' and 5.3 (± lA) x 10-' for 
dioxane solutions. These results indicate that the molar absorptivities do not depend on the 
solvent used and are very close to each other. 
Thus, by assuming the above values of a for the three water species in the TGDDM 
based networks, and by letting: 
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as 
a, =:a" and -' =0.81 
, , a 
s, 27 
it is possible to estimate the relative concentration of each species according to the 
relationship: 
Cs A7075/ as , - , 28 
C,., (A7075 + Amo)/ as, + A6535 / as, 
and, by rearranging eq. 28: 
Cs A 
_, = ____ -"7"-'07"-5 ___ _ 29 
Clot (A ,j) as A 
70;5 + "6820 + -' 6535 
as, 
Analogous relationships hold for the other two species. Using the above equations, the 
relative amount of non-bonded (Cs, + Cs,) and bonded (Cs,) water were estimated and are 
plotted as a function of the total water content in Fig. 52 
These data show that, in the binary TGDDMJDDS mixture, the relative amount of non-
bonded and bonded water change linearly and in the opposite direction. The amount of 
bonded water increases with increasing the total water content in the resin, but remains lower 
than the amount of free water. The ratio ranges between approximately 70/30 (free/bound 
water) for water concentrations tending to zero, to 6Q/40 at the maximum water content of 6.2 
wt %. Conversely, for the 100/30/100 TGDDMJDDSIBMI composition, the free to bound 
water ratio is essentially independent on the total water content and its average value is equal 
to 72/28. Thus, the presence of BMI in the network reduces not only the overall amount of 
absorbed water but also the fraction of absorbed water molecularly bound to the network, with 
respect to the plain epoxy resin, and this is especially true for the higher contents of water. 
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Fig. 52. Plots of the relative concentration of bound (open symbols) and non-bonded 
(solid symbols) water, as a function of the total amount of absorbed water for the resin 
TGDDMIDDS 100/30 (0, e) and the resin TGDDMlDDSIBMI 100/30/100 (O,~. 
4.6. The thermal-oxidative degradation of TGDDM/DSS and TGDDMlDDS/BMI 
resins. 
As already stated in the introduction, although the thermo-oxidative stability of 
TGDDMlDDS resins is relatively high, it is often found to be insufficient for the very 
demanding conditions to which these materials are subjected. The incorporation of the BMI 
co-monomer, which is considerably more stable than the TGDDMlDDS, is expected to 
improve the situation. 
4.6.1. Thermogravimetric analysis 
Thus, the stability of BM! containing formulations in oxidative environments was 
compared to that of the plain epoxy resin with the use of thermogravimetric measurements, 
both in the isothermal mode and in the temperature scanning regime. 
In Fig. 53 are reported the dynamic weight-loss curves between 25 and 750°C for the 
TGDDMlDDS resin (curve A), for the 100/30/50 and 1001301100 TGDDMIDDSIBMI 
compositions (curves Band C, respectively) and for the pure BM! resin (curve D). Fig. 54 
displays the corresponding first derivative curves (i.e. d a 1 dT vs T). 
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The weight-loss curve relative to the plain epoxy resin shows a slight negative slope in 
the first part prior to the onset of degradation, which accounts for a weight loss of 2.5 % at 
310°C. Soon after the onset point, a very steep weight loss is observed at 370°C, further 
evidenced in the differential curve in the fonn of a sharp and symmetric negative peak. This 
process accounts for 54 % decomposition and is followed by two slower steps starting at 370 
and 550°C, which bring about, respectively, a further 18 and 28 % weight loss. No residual is 
observed at the end of the degradation process (665°C). 
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Fig. 53. Scanning TGA curves in the range 25 - 750°C for the resin TGDDMIDDS 
100/30 weight ratio (curve A); the resin TGDDMIDDS/BMI 100/30/50 weight ratio 
(curve B); the resin TGDDMIDDS/BMI 100/30/100 weight ratio (curve C); pure BMI 
(curve D). 
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Fig. 54. Differential TGA curves in the range 25 - 750°C for the resin TGDDMlDDS 
100/30 weight ratio (curve A); the resin TGDDMlDDS/BMI 100/30/50 weight ratio 
(curve B); the resin TGDDMmDSIBMI 100/30/100 weight ratio (curve C); pure BMI 
(curve D). 
For the 100/30/50 TGDDM/DDSIBMI composition the initial weight decrease is less 
evident than in the control resin and the sudden drop of weight is considerably less 
pronounced (31 wt %) and is shifted towards higher temperature by about 30°C. This 
degradation step is almost completely suppressed in the 100/3011 00 composition which 
displays a slower and more gradual weight loss process starting a1 400°C, 1hat is followed by 
a final degradation step initiating at 630°C which brings about the complete consumption of 
the material. The increase of thermo-oxidative stability of the network by increasing the BMI 
content is also evident by comparing the differential curves of Fig. 54. It is revealed that the 
main degradation peak of the TGDDMlDDS resin is displaced to higher temperature and its 
area (corresponding to the total weight loss) is strongly reduced for the 100/30/50 
composition. For the 100/30/100 mixture this peak is displaced further to higher temperature 
and becomes negligible, while the main degradation process (i.e. the peak with the larger area) 
becomes the one located at around 600°C. 
The considerable increase in thermo-oxidative performances is due to the BM! stability 
which is much higher than that of the TGDDMlDDS resin as can be readily seen by 
comparing curves A and D of Figs. 51 and 52. 
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Fig, 55, Isothermal weight-loss curves at 320°C, in air, for the resin TGDDMlDDS 
100/30 (curve A); the resin TGDDMlDDS/BMI 100/30/50 (curve B) and the resin 
TGDDMlDDS/BMI 100/30/100 (curve C). 
The above effect is continned by long-tenn stability tests. In Fig, 55 are reported the 
isothennal weight loss curves collected at 320°C in air for 750 minutes (12.5 hours) relative to 
the TGDDMIDDS resin (curve A), and to the TGDDMlDDSIBMI compositions 100/30/50 
and 100/30/1 00 (curve Band C, respectively). Several parameters derived from the above 
curves are plotted, as a function of the BMI content in the mixture, in Fig. 56. In particular, 
curve A refers to the degradation rate, evaluated from the slope of the linear regime of the 
curves, while curves Band C are relative to the residual weight after 450 and 750 minutes, 
respectively. 
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Fig. 56: Data for the isothermal oxidative-stability tests carried out at 320°C. (Curve A): 
degradation rate; (Curve B):residual weight after 450 miuutes; (Curve C): residual 
weight after 750 minutes, as a function of the BMI content in the mixture 
It is observed that the degradation rate of the material decreases linearly with the BMI 
content; the residual weight increases from 73.45 % for the control resin to 84.55 % for the 
100/301100 composition after 450 minutes, and from 62.95 to 80.90 % after 750 minutes. 
4.6.2. Spectroscopic analysis 
The thermo-analytical techniques like TGA,. DSC, and thermal mechanical analysis 
(TMA), can give an estimate of the stability of a material un!ier oxidative or non-oxidative 
conditions, but do not provide enough information to interpret the degradation process itself. 
Several techniques, such as gas chromatography· (267), mass spectroscopy (268), 
radiochemical analysis (267, 269) or their combinations have been proposed for the study of 
degradation mechanisms. By analysis of the products of degradation in relation with the 
original polymer structure, it has been possible to propose likely mechanisms for the thermal 
or thermo-oxidative breakdown. However, a limitation of these approaches lies in the fact that 
the degradation of a material at the elevated temperatures required to produce sufficient 
amounts of volatile products, may cause rearrangement of the degradation fragments, 
secondary decomposition of primary products or even more complicated reactions. Thus, 
128 
product analysis may not always be straightforward to interpret mechanistically and may lead 
to erroneous conclusions. 
To overcome these difficulties, FTIR spectroscopy has been used in degradation studies, 
starting from the classical work of Koenig ori the oxidation and thermal degradation of 
polybutadiene (270). This author demonstrated how, by subtracting the spectrum of the pure 
polymer from that of the oxidized or degraded sample, information on the initial stages of 
oxidation or degradation may be gained. The FTIR approach looks at the evolution of the 
polymeric substrate rather than to the volatile product formed and, because of its sensitivity, 
can be usefully applied in mild conditions, when the degradation process is slow. Therefore it 
is best suited to investigate the early stages of degradation, when, although the weight loss is 
very limited, there are considerable changes taking place in the molecular structure of the 
material. Since a polymeric material normally contains several different functional groups, 
FTIR spectroscopy may conveniently be used to rank the relative stability of these groups, 
besides giving information on the sensitivity to degradation of the whole structure. 
In the present work the thermo-oxidative behaviour of various networks was 
investigated by time-resolved FTIR spectroscopy measurements. This approach made it 
possible to carry out an in-situ monitoring of the degradation process under carefully 
controlled conditions of temperature and atmosphere, thus permitting to obtain precise and 
reliable kinetic and mechanistic information. 
The measurements were carried out isothermally at 200°C. This temperature was chosen 
to monitor the initial degradation mechanism and because in these conditioris the spectrum 
changes substantially with time but gradually enough to retain the spectral features which 
permit to extract the relevant molecular information. If measurements are carried out at higher 
temperatures, the spectrum becomes rapidly featureless. 
The investigation was first perfonned on the plain TGDDMlDDS reSin, for which 
limited and inconclusive infonnation was found in the literature. Afterwards the study was 
extended to the thermal-oxidative behaviour of a typical composition of the ternary mixture 
(100/30/1 00) and the results were interpreted in the light of the conClusions drawn for the 
control system. 
In Fig. 57 are reported the initial (trace A) and the final (trace B) spectra relative to the 
thermal-oxidative degradation for the resin TGDDMlDDS 100/30. 
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Fig. 57. Transmission FTIR spectrum in the wavenumber range 4000 - 450 cm" of the 
resin TGDDMIDDS 100/30 subjected to thermal-oxidative degradation in air at 200°C. 
Trace A: initial spectrum; trace B: spectrum after 1600 minutes. 
It is apparent that, after 1600 minutes the spectrum undergoes extensive changes, 
indicative of substantial modification of the molecular structure of the network taking place in 
these conditions. It is worth noting that, if the experiment is carried out in an inert atmosphere 
(N,) a spectrum coincident with that at time zero is obtained after 27 hours. This implies that 
the degradation processes are due to the presence of atmospheric oxygen. 
In Figs. 58 are shown the spectra collected in the 4000 - 2500 cm" range (Fig. 58A) and 
in the 2000 - 500 cm" interval (Fig. 58B) at different time intervals during the thermal-
oxidative degradation process. 
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Fig. 58. Transmission FTIR spectra of the resin TGDDMlDDS 100130 collected at 
various times during the thermal-oxidative degradation in air at 200°C. A) wavenumber 
range 4000 - 2500 cm-I; B) wavenumber range 2000 - 500 cm". 
The broad band centred at 3500 cm" in the initial spectrum, due to extensively self-
associated O-B groups, is seen to decrease considerably and to develop gradually a low 
frequency component centred at 3360 cm-I. These features indicate the gradual consumption 
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of hydroxyl groups with formation of new species absorbing in the lower side of the VOH 
range. These species may be tentatively identified as hydroperoxide groups (228, 235). 
In the C-H stretching range the complex, ill resolved multiplet originally centred at 
2922 cm'! changes substantially in shape and decreases in intensity, which confirms the 
involvement of the aliphatic portion of the network in the degradation mechanism. 
From an inspection of the data in Fig. 58B it is immediately apparent that there is a 
gradual increase of two distinct carbonyl absorptions centred, respectively, at 1725 and 1675 
cm'!. The peak at higher frequency can be associated with aliphatic and/or aromatic aldehydes 
or ketones, while the peak at 1675 cm'! is attributed to the formation of amide groups (271 -
274). It is worth noting that the amide peak is always predominant over the aldehyde 
component, contrary to what has been reported for the room temperature photo-oxidation of 
similar epoxy resins (271, 272). 
Of the two absorption peaks for aromatic rings at 1593 and 1510 cm'\ the latter appears 
to decrease substantially faster and to a greater extent. According to the assigmnents proposed 
in Table VI, the 1593 cm'! peak is due to the disubstituted aromatic ring of the DDS moiety, 
while the 1510 cm'! peak originates from the aromatic ring of the TGDDM unit. Thus, it 
appears that, within the network, the chain segment formed by the DDS unit is more stable 
than that formed by the TGDDM moiety (see later discussion). 
In the region between 1440 and 1165 cm'! it is observed a broad increase in absorbance, 
with maxima at around 1302 and 1265 cm'!. The 1145 cm'! peak due to the Vs mode of the 
SO, group (see Table VI) decreases only slightly, while the peak at 1103 cm'! displays a 
substantial reduction with time. This peak, due to a <t> - S stretching, is superimposed onto a 
broader band at around 1075 cm'\ which, according to Table VI, is due to a v(C-C-O) mode 
of secondary alcohol. It appears that the absorbance reduction in this range is mainly 
associated with a decrease of this broad band rather than to the 1103 cm'! peak, thus 
confirming the involvement of alcohol-type O-H groups in the degradation process, already 
revealed in the VOH range. 
Below 1000 cm'! it is noted the gradual reduction in intensity of the peak at 815 cm'! 
(tS"'_H) and the concurrent growth of a new absorption on the high frequency side of this 
absorption (831 cm'!) In this range the hydroperoxide group is known to display a 
characteristic peak, assigned to an -0-0- stretching mode (228, 230). Thus, such a spectral 
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feature is tentatively associated with a steady increase of the concentration ofR-O-O-H units 
in the system, in agreement with the observations made in the VOH range. 
At still lower wavenumbers the peak assignments are more uncertain and therefore, their 
behaviour is not discussed in detail. 
In order to obtain a quantitative estimation of the evolution of different functional 
groups with time, in most cases it is necessary to improve the resolution which gradually 
deteriorates as the peaks broaden and new absorption appear, and to identify reliable baselines 
for the peaks of interest. To this end spectral subtraction analysis was employed, whereby the 
spectrum at time 0 is subtracted from the spectrum at time t (see the experimental section for 
more details). The relevant advantage in using spectral subtraction in kinetic studies relies on 
the fact that peaks not affected during the process are compensated for and hence completely 
eliminated in the difference spectrum. The latter, therefore, is considerably simpler (with less 
peaks) and thus better resolved than the original, unsubtracted spectrum. Clearly, positive 
absorbances from the zero base line reflect structures that are formed during the process, 
while negative absorbances reflect structures that are lost. 
In Figs. 59A and 59B are reported the difference spectra obtained from the data of Figs. 
58, in the 4000 - 2400 cm-' range and in the 2000 - 400 cm-' interval, respectively. 
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Fig. 59. Difference spectra (spectrum at time t minus spectrum at time 0) obtained from 
the data in Figs 58. A) spectra for wavenumber range 4000 - 2500 cm-I; B) spectra for 
wavenumber range 2000 - 500 cm". 
The spectra in Fig. 59A clearly demonstrate the resolution enhancement brought about 
by subtraction spectroscopy in the V C _H region, which is almost featureless in the original 
spectra while displaying three distinct negative peaks at 2940, 2885 and 2830 cm" in the 
difference spectra. The doublet at 2940 - 2830 cm" is assigned, respectively, to the Vs and Va, 
vibrations of the CH, group, while the 2885 cm" peak is due to the V C-H mode of the (R,)-
CH-OH group. It is clear that both groups decrease significantly in concentration during 
degradation and that the difference spectra provide also a consistent baseline for a quantitative 
evaluation of the peak intensity of different groups involved in the degradation process. 
In the 2000 - 400 cm" range is of particular interest the negative doublet which emerges 
in the difference .spectra at 1613 and 1591 cm". This is associated with the two aromatic 
absorption peaks corresponding to DDS and TGDDM, which remain completely unresolved 
in the original, unsubtracted spectra (compare Fig. 58B with Fig.59B). The splitting of the 
two components allows one to separately monitor the time evolution of the para-disubstituted 
ring of the TGDDM unit (at 1613 cm") and of the DDS moiety (at 1591 cm"). A further, well 
. resolved peak associated with the aromatic TGDDM ring is located at 1510 cm", which 
permits to cross-check the reliability of the quantitative analysis in the 1630 - 1570 cm" 
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range. Such a comparison is displayed in Fig. 60 where the symbols 0 and 0 denote, 
respectively, the conversion obtained by considering the intensity of the negative 
peaks at 1510 and 1613 cm'). It is seen that the two profiles are essentially coincident, 
within the limits ofthe experimental uncertainty. 
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Fig. 60. Conversion of the p-disubstituted aromatic ring of the TGDDM unit, as 
evaluated from the difference spectra by considering the 1613 cm'( peak (0) and 
the 1510 cm') peak (0). The data refer to the thermo-oxidative experiment 
carried out at 200°C for the resin TGDDMIDDS 100/30. 
The conversion vs. time curves of the aromatic rings in TGDDM and DDS and 
of the hydroxyl groups are compared in Fig. 61. In Fig. 62 is shown the absorbance 
area of the carbonyl peak as a function of time and Fig. 63 is shown the time profile 
of the negative peak at 2890 cm'), that is, (.4" - A,)2890' This parameter is proportional 
to the absolute conversion of methyne groups although it is not possible to evaluate 
their relative conversion since the Aa value is not available due to extensive 
overlapping in the VCH range. Nevertheless, as it will be shown later, the (Aa - A,)2890 
parameter allows one to obtain the kinetic constant relative to the degradation of the 
R2-CH-OH group. 
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Fig. 61. Relative conversion versus time curves for (e): the para-disubstituted aromatic 
ring of the TGDDM unit; (0): the para-disubstituted aromatic ring of the DDS unit; 
(0): the 0-" groups. The data refer to the thermal-oxidative experiment performed at 
200°C for the resin TGDDMIDDS 100/30. The symbols indicate the experimental data, 
while the continuous lines represent the kinetic profile obtained by the model equation 
n.38. 
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Fig. 62. Absorbance area of the carbonyl peak at 1675 cm-' obtained from the difference 
spectra. The data refer to the thermal-oxidative experiment performed at 200°C for the 
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resin TGDDMfDDS 100/30. The symhols indicate the experimental data, while the 
continuous line represents the kinetic profile obtained by the model equation n. 39. 
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Fig. 63. The value of (Ao - A,) obtained from the negative peak at 2980 cm-' in the 
difference spectra, as a function of time. The data refer to the thermal-oxidative 
experiment performed at 200°C for the resin TGDDMIDDS 100/30. The symbols denote 
the experimental data, while the continuous line represents the kinetic profile obtained 
by the model equation n. 39. 
In order to describe the kinetics of the degradation process in a polymeric material on a 
quantitative basis, a phenomenological approach is generally adopted (275 - 277). This is due 
to the complexity of the degradation mechanism and to the difficulty encountered in its 
complete description. 
Thus, it is assumed that the rate of conversion of any group within the system depends 
on the concentration of such a group which has yet to react; according to the expression: 
-- - -- -- -'- -
_ dC = kf(C) 
dt 
30 
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where k is an overall kinetic constant following an Arrhenius relationship with respect 
to temperature, and f(c) is the model equation used to simulate the dependence of the 
degradation rate on concentration. 
A considerable number of these models have been developed over the years (278, 279). 
Among these, one of the simplest, and more widely employed is the homogeneous nth order 
kinetic model of the type: 
f(C) = cn 
which yields the rate equation in the form: 
_ dC =kC 
dt 
31 
32 
where n has the meaning of an overall reaction order and may assume integer or non-
integer values. 
Upon integration eg. 32 gives: 
1 1 
- - - = kt for n = 2 
C Co 
2.(_1 __ 1J =kt 
2 C' C' forn = 3 o 
This can be generalized with the expression: 
[ 1](IIJ -- ----- -kt n - 1 C-' C;-' - for n ",0, 1 
33 
34 
35 
36 
Egs. 33 - 36 describe a process which goes to completion for t ~ 00. However, for 
systems exhibiting a limited oxygen permeability, the thermal-oxidative degradation is 
oxygen concentration limited, that is, it stops as soon as the amount of oxygen dissolved into 
the material is consumed. Thus, in normal conditions, the concentration of the reactive groups 
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on the polymer, which is in excess with respect to oxygen, approaches a limiting, non-zero 
value (residual). For a first order homogeneous model, this effect is quantified by the 
expressIOn: 
37 
where Cl is the residual concentration of the reactive species at time t ~ Cl) , and, from 
the initial condition that C = Co at t = 0, it follows that A = Co - Cl' i.e. the concentration of 
the reactive species that has been consumed by the end of the process. 
C 
In terms of relative conversion, since a = 1- ~ and C = Co (1- a), rearranging eq. 37, 
yields the expression: 
38 
A -A 
Finally, recalling that a = 0 , the conversion equation can be written as: 
Ao 
39 
which demonstrates the possibility of evaluating the kinetic constant from the difference 
spectra even when the Ao value (and hence the conversion) is not known. 
The experimental a versus time (or A versus time) curves for the various reactive 
groups, were tested according to the model equations 33 - 36. It was found that, in nearly all 
the cases, the first order model (n = 1) gave a very satisfactory fit. The curves simulated by 
the model equation 38 (or 39, where appropriate) through a non-linear least-squares fitting of 
the experimental data, are reported, as continuous lines, in Figs. 61 - 63. In Table XII are 
reported the kinetic constants and the final conversions, where appropriate, for the different 
reactive groups whose degradation was monitored spectroscopically. 
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Table XII. Kinetic constants and final conversion of the various groups for the resin 
TGDDMIDDS 100130 weight ratio, subjected to thermal-oxidative degradation at 200°C in 
air. 
Groups k (min-I) u, 
C-H 0.0038 
O-H 0.0044 0.053 
Carbonyl 0.0040 
r/J. (TGDDM) 0.0039 0.57 
r/J. (DDS) 0.0018 0.36 
In Fig. 64 are reported the spectra collected at time zero (trace A) and after 1200 
minutes (trace B) in the thermal-oxidation experiment carried out at 200°C in air for the 
ternary mixture TGDDMIDDSIBMI 100/3011 00. As already noted for the binary mixture, also 
in the present case the spectrum changes substantially as a consequence of thermal oxidation 
reactions. 
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Fig. 64. Transmission ¥fIR spectrum in the wavenumber range 4000 - 450 cm- I for the 
resin TGDDM/DDS/BMI 100/30/100 subjected to thermal-oxidative degradation in air 
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at 200°C. Trace A represents the initial spectrum; trace B represents the spectrum after 
1200 minutes. 
The time evolution of the IR spectrum is demonstrated in more details in Figs. 65, 
which display the data collected at various times in the 4000 - 2500 cm·! range (Fig. 65A) and 
in the 2000 - 400 cm·! interval (Fig. 65B). 
In the V OH range the spectral features very closely resemble those observed for the 
TGDDSIDDS resin, with a gradual decrease of the principal absorption originally centred at 
3520 cm·! and the development of a second component in the low wavenumber side. The VCH 
profile is more complex than that of the TGDDMlDDS resin, due to the presence of a 
substantial amount of BMI, but it also decreases in intensity with time, particularly at around 
2900 cm·!. 
The doublet characteristic of the imide carbonyl is observed to merge gradually in a 
broader band and to increase slightly in intensity (see Fig. 65B). This effect is likely due to 
carbonyl absorptions analogous to those observed for the TGDDMlDDS resin, which develop 
with time, during the degradation process. These features are obscured by the imide peaks, 
but, as discussed later, are revealed by applying subtraction spectroscopy . 
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Fig. 65. Transmission FTlR spectra of the resin TGDDMIDDS/BMI 100/30/100 collected 
at various times during thermal-oxidative degradation in air at 2!)0°C. A) wavenumber 
range 4000 - 2500 cm-'; B) wavenumber range 2000 -500 cm-'. 
From 1600 to 400 cm-' the time evolution of the infrared spectrum exactly matches that 
of the unmodified TGDDMlDDS epoxy resin, with a strong reduction of the peak at 1510 cm-
, (BMI + TGDDM aromatics) and a more limited intensity decrease of the 1592 cm-' peak 
(DDS aromatics). The reduction of the peaks at 1145, 1104, 815 and 565 cm-', and the 
development of a component at 831 cm-', already described for the unmodified epoxy resin, is 
confirmed. 
Of particular interest is the 1381 cm-' peak, which is due to the BMI component. Its 
limited reduction in intensity at longer times points to a considerable stability of the 
bismaleimide network, compared with the TGDDM-DDS network. 
Also for the ternary mixture subtraction spectroscopy reveals further details on the 
degradation mechanism. The difference spectra obtained from the data of Fig. 65 are reported 
in Fig. 66A (4000 - 2400 cm-' range) and in Fig. 66B (2000 - 400 cm-' range). These reveal the 
fully resolved peaks already identified in the control resin and suitable baselines to perform 
quantitative analysis. In particular, the carbonyl profile is more complex in the ternary mixture 
but is found to have a shape coincident with that of the plain resin, with the addition of a sharp 
negative component centred at 1712 cm-'. This indicates that the same oxidation products are 
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formed in the two systems and that the BM! network also undergoes partial degradation, 
which is revealed by the decrease of its carbonyl absorption (the negative peak at 1712 cm·'). 
A 
.0 
-.0 
4000 
I 
3535 
3500 
3005 
I 
2835 
I 
2900 
3000 
Wavenumbers (cm-1) 
B r---.... 
.2 
1) 
~ .1 
-e 
o 
~ 
-.1 
2000 
1680 
1510 
V/ 
1500 1000 
Wavenumbers (cm-1) 
2500 
500 
Fig_ 66. Difference spectra (spectrum at time t minus spectrum at time 0) obtained from 
the data of Figs 65. A) wavenumber range 4000 - 2500 cm-'; B) wavenumber range 2000 
-500 cm·'. 
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The conversion versus time curves for the aromatic TGDDM and DOS rings and for the 
hydroxyl groups are displayed in Fig. 67, while Fig. 68 shows the time profile relative to the 
carbonyl group absorption at 1680 cm". The CH peak at 2900 cm"' has not been considered 
for quantitative evaluation due to severe overlapping of various components in the 3010 -
2800 cm" interval for the difference spectra. 
By applying a homogeneous first order reaction model to the kinetic data, a very 
satisfactory fit was obtained in all cases, which is displayed as a continuous line in Figs. 67 
and 68. The kinetic parameters k and a f , thus evaluated are reported in Table xrn. 
Finally, in Fig. 69 is reported the relative conversion of BMI carbonyls as a function of 
time, as evaluated from the negative peak at 1712 cm" in the difference spectra. In the same 
figure, for comparison, is also shown the same curve obtained for a plain BMI network 
subjected to the same thermal treatment. It is noted that the BMI component in the ternary 
mixture undergoes degradation to a considerably larger extent than the BMI resin in isolation 
under the same conditions. In fact, both the initial degradation rate and the final conversion of 
imide carbonyls are much higher in the mixture. Also the kinetic behaviour differs 
significantly from that of the pure BM!, with two distinct regimes: a fast initial degradation 
[(da / dt), = 0.0019 min"] followed by a second step in which the conversion of the BMI 
carbonyls proceeds at a slower and constant rate [(da / dt)2 = 8.1 x 10-5 min"']. 
Table XIII. Kinetic constants and final conversion of the various groups for the resin 
TGDDM/DDS/BMI JOO/30/JOO weight ratio, subjected to thermal-oxidative degradation at 
200°C in air. 
Groups k (min") U f 
O-H 0.0090 0.059 
Carbonyl 0.0051 -
(j).. (TGDDM) 0.010 0.49 
(j).. (DDS) 0.0036 0.36 
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Fig. 67. Relative conversion versus time curves for (e): para-disubstituted aromatic ring 
of the TGDDM unit; (0): para-disubstituted aromatic ring of the DDS unit; (0): O-H 
groups. The data refer to the thermal-oxidation experiment performed at 200°C in air 
for the resin TGDDMIDDSIBMI 100/30/100. The symbols denote the experimental data, 
while the continuous lines represent the kinetic profiles obtained by the model equation 
n.38. 
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Fig. 68. Absorbance area of the carbonyl peak at 1680 cm·1 obtained from the 
difference spectra. The data refer to the thermo-oxidative experiment performed 
at 200°C for the resin TGDDMlDDS/100 100/30/100 by wt. The symbols indicate 
the experimental data, while the continuous line represents the kinetic profile 
obtained by the model equation n. 39. 
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Fig. 69. Relative conversion vs time curves for the imide carbonyls for (O):the 
resin TGDDMIDDSIBMI 100/30/100 by wt; (0): the pure BMI resin. The data 
refer to thermo-oxidative experiments performed at 200°C in air. 
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5. DISCUSSION 
5.1. Molecular structure ofTGDDMlDDS/BMI networks 
The kinetic analysis of the 100/3011 00 TGDDMlDDSfBMI ternary resin, in comparison 
to that of the binary TGDDMlDDS resin, has provided relevant information for the 
elucidation of the network structure. 
This has shown that in the ternary mixtures the BM! monomer is very reactive. In fact, 
the initial reaction rate of BMI double bonds (r/'" = 0.026 mol kg" min") is more than twice 
higher than that of epoxy groups (r/Po = 0.012 mol kg·'min·'). Even slower is the initial 
reaction rate of the primary amine groups (r/A = 0.0072 mol kg"min") which is 3.6 times 
slower than for BMI and 1.7 times slower that that of the epoxy groups. 
Furthermore, if one considers the absolute conversion curve for the primary amine (P A) 
in comparison to those corresponding to BMI and epoxy groups (see Fig. 68) one notes that 
the P A curve lies well below those of the latter two functionalities. 
These observations provide evidence that BMI does not react with the primary amine 
through a Michael-type addition. If this reaction prevailed over the chain addition reactions, 
the number of P A groups consumed at any time would be equal to the absolute conversion of 
BMI plus the number of epoxy groups reacted with the primary amine, and the PA extent of 
conversion curve would lie above both those of BM! and epoxy groups. Even in the case of a 
limited involvement of PA in addition reactions with BMI, this would produce a PA 
conversion rate considerably higher than that of the epoxy groups, owing to the striking 
difference in reactivity between primary and secondary amines towards epoxy groups, which 
has been demonstrated for both the binary epoxy resinlhardener mixture and for the BMI 
, 
containing ternary mixture. A much more straightforward interpretation of the experimental 
results is that BMI and TGDDMlDDS systems follow two different, and largely independent 
. , 
reaction pathways. The TGDDM react" by addition of the DDS hardener, while BMI cross-
links through a radical chain-growth mechanism. 
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Fig. 70. Absolute conversion as a function of the reaction time in the early stages of the 
curing process for (0) the epoxy groups, (0) the BMI unsaturations; (Ll) the primary 
amine groups. The data refer to the resin TGDDMIDDSIBMI 100/301100, cured 
isothermally at 140°C. 
This conclusion is supported by the studies on kinetic modelling of the curing process, 
which demonstrated that a 2'd order autocatalytic equation is able to simulate equally well the 
conversion of TGDDM in both the binary epoxy resin and in the corresponding ternary resin 
mixture. This implies that a similar reaction mechanism applies to the two cases. 
Analogously, the I st order homogeneous reaction model for BMI, which has been derived for 
the radical homopolymerization of this monomer, works equally well for the pure BMI resin 
and for the ternary mixture. 
The fact that the BMI reactivity is not affected by the presence of the diamine hardener 
is further confirmed by the results obtained with the 50/50 wtlwt TGDDMlBMI mixture, for 
which it is demonstrated that bismaleimide homopolymerizes at a rate which is close to that 
observed in the ternary mixture TGDDMlDDSIBMI. 
In the light of the above findings it may be envisaged that, for the system under 
investigation, the curing process brings about the concurrent development of two chemically 
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distinct networks, whereby the network fonned by the BMI monomer grows at a faster initial 
rate than that arising from the TGDDMlDDS combination. 
It may be recalled that before curing the TGDDMlDDSIBMI mixture is a single phase, 
molecularly homogeneous system. When the reactive system begins to cure, the molecules 
grow in size and the entropy contribution to the free energy of mixing decreases. As a 
consequence, there is a tendency for phase separation to occur. However, the fonnation of 
mechanical interlocks between the molecules of the two components in the network opposes 
this tendency and helps to maintain phase homogeneity by making phase separation 
kinetically unachievable. This is especially true when, as in the present case, the cross-link 
density of the two component networks is very high, since this produces a correspondingly 
high density of mechanical interlocks. Thus, the molecular homogeneity of the system is to be 
considered as a kinetic ally dominated effect which prevails over the thennodynamic drive for 
phase separation of the two networks. 
This interpretation is confinned by the dynamic mechanical analysis of the dry samples. 
In fact, the observed single, symmetric tano peak, only slightly broadened relative to that of 
the pure epoxy resin (TGDDMfDDS) for all ternary mixtures studied, taken together with the 
composition dependence of the Tg, this points to a substantial degree of interpenetration of the 
BMI and TGDDMlDDS networks in the investigated systems. Such an IPN-like structure is 
molecularly homogeneous, at least to the scale detectable by dynamic-mechanical tests. In 
other words, any two-phase domains, if they existed, would be smaller than the size of the 
chain segments responsible for the primary relaxation process in the networks. 
A further significant result of the kinetic analysis of the cross-linking reactions in the 
ternary TGDDMfDDSIBMI mixture is represented by the considerable reactivity of the BMI 
at 140°C, which is a rather low temperature for the cross-linking of bismaleimides in the 
absence of radical initiators (202, 244, 245). In fact; it has been shown that both the initial 
reaction rate and the final conversion of BMI in the ternary mixture at 140°C, are higher than 
those of the pure BMI monomer polymerized at 180°C (see Fig. 26). A catalytic activity 
exerted by TGDDM, which selectively accelerates the BMI homopolymerization, is the 
underlying reason for this effect. In fact, it has been shown that at 140°C the BMI polymerizes 
at a substantial rate also in the binary mixture containing TGDDM as second component 
(TGDDMlBMI 50150 weight ratio). 
In relation to these findings it is worth noting that a recent contribution by Liiders et al. 
(280, 281) has shown that N-substituted maleimides dissolved in DGEBA epoxy resins 
., 
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oligomerize to a degree of polymerization up to 10 at temperatures as low as 120°C. In these 
investigations it was proposed that the above polymerization was anionically initiated by a 
Zwitter-ion structure formed by the interaction between the oxirane ring and the BMI double 
bond. Although the present study do not provide direct evidence for the formation of such an 
adduct nor for the ionic character of the polymerization mechanism, nevertheless the 
experimental results ofthis work are consistent with the suggestions of the above authors. 
With respect to the reactions of the TGDDM component, the presence of BMI has a 
considerable effect on the curing kinetics, which go in the opposite direction to that discussed 
for the bismaleimide monomer. There is, in fact, a substantial lowering of the reaction rate of 
epoxy groups in the presence of BMI, relative to the binary TGDDMlDDS mixture, which is 
accompanied by a modification of the overall shape of the conversion profile. These changes 
are better discussed in terms of the results obtained by the kinetic modelling of the curing 
process through the equation: 
It was found that, although the K, values remain the same for both reactive mixtures, 
the exponent rn, which is the related to the autocatalytic process, decreases considerably in 
going from the binary to the ternary mixture (from 0.65 to 0.45). This indicates a reduced 
autocatalytic character of the curing process in the TGDDMlDDSIBMI system with respect to 
the pure epoxy resin, which also emerges by inspection of the shape of the conversion curves 
reported in Figs. 3lA and 31B. In fact, the curve relative to the binary mixture displays a 
pronounced sigmoidal shape with a distinct induction period. These features are characteristic 
of an autocatalytic process, whereby a sudden increase of the reaction rate occurs as soon as a 
critical concentration of catalytic groups (O-H) is build up in the system. This behaviour is 
much less pronounced in the BMI containing mixture. The catalytic activity of the hydroxyl 
groups could be hindered either by a dilution effect, or by a reduction of the molecular 
mobility of the functionalities involved in the curing process, caused by the rapid growth of 
the rigid BMI network in the early stages of the reaction. This effect may also explain the 
substantial reduction of the overall reaction rate of epoxy groups in the BMI containing 
mixture,with respect to the binary TGDDMlDDS resin. (2.5 x 10-4 and 1.5 x 10.3 min", 
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respectively). A lowering of the final conversion of epoxy groups from 0.77 to 0.71, is also 
observed in the ternary system. 
The spectroscopic analysis relative to the TGDDMlDDSIBMI 100/30/100 composition 
also reveals additional details on the molecular structure of the IPN-like network formed by 
the simultaneous curing of the two monomers. Contrary to what happens in the 
epoxy/hardener mixture, in the presence of BMI, the secondary amine addition and the 
etherification reaction play a role even in the presence of substantial amounts of primary 
amine (compare Fig. 22 and Fig. 27). Again this effect may be ascribed to the previously 
mentioned decrease of molecular mobility brought about by the rapid development of the 
BMI network. Thus the reactive groups are forced to react with their closest counterparts, 
rather than being able to migrate to meet the more reactive functional groups, as occurs in the 
binary mixture, where, the curing process is kinetically dominated rather than diffusion 
controlled. 
Therefore, in the case of the ternary mixture, intermolecular cyclization reactions, which 
have been demonstrated to occur even in the plain TGDDMlDDS resin at later stages of cure, 
in a diffusion controlled regime (282, 283), tend to occur to a larger extent and from the very 
beginning of the curing process: 
?H 
<Q)-<CH'-CH-CH"~-o-
CH,-cl;I"/CH, 
o 
-
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The net effect brought about by the fonnation of such small cyclic units is the lowering 
of the cross-linking density of the epoxy network with respect to the maximum attainable on 
the basis of the system's stoichiometry, as well as the fonnation of a network having a more 
defective molecular structure. 
5.2. Interaction of the networks with water 
5.2.1 Transport properties 
The gravimetric measurements of water diffusion in both binary TGDDMlDDS resin 
and in two representative ternary mixtures (100/30150 and 100/301100) have demonstrated 
that, increasing the BMI content in the system reduces the total amount of water absorbed at 
equilibrium but increases the rate of water diffusion (i.e. the diffusion coefficient, see Table 
X). The decrease of the equilibrium water uptake at room temperature is easily accounted for, 
by the reduction of the network polarity brought about by the BMI component, or, more 
specifically, by the lowering of the number of the active sites capable of fonning strong 
-------hydrogen bonding interactions within theJ:9R!2... .M!D~etwork. 
The higher absorption rate in the ternary mixtures, and the lower value of the activation 
energy for diffusion, is more difficult to explain. The kinetics of the diffusion process is 
known to be influenced by several factors such as network polarity, topology and molecular 
motions. One of these factors has the dominant or rate limiting influence on the diffusion 
process. Thus, the increase of the diffusion coefficient may be related to a topological effect, 
i.e. to the fonnation of a more defective and less tightly cross-linked network in the case of 
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the ternary mixtures, which is due to the complex IPN structure of the system, with two 
component networks growing at different rates. Also relevant in this respect are the 
intermolecular etherification reactions of the TGDDMlDDS system which, as shown 
previously, are favoured in the ternary mixtures. These side reactions produce small cyclic 
units and cause a lowering of the cross-link density of the TGDDMlDDS network and the 
occurrence of more defects in its structure. 
Another possibility is that the polar groups forming strong hydrogen-bonding 
association with the diffusing water provide trapping sites which slow down its movements 
within the network. This argument is supported by the observation that anhydride cured 
DGEBA resins exhibit diffusion coefficients which are nearly one order of magnitude greater 
than those corresponding to the same resins cured with amine hardeners (250). This is because 
the anhydride-cured resins contain less polar ether and ester groups that do not have as strong 
an affinity towards water as the amino-alcohol groups present in the amine-cured resins. 
Another way to overcome the trapping effects is to increase the kinetic energy of the water 
molecules. As the temperature is raised, thermal energy increases, and the more energetic 
water molecules are less likely to reside in a trapping site provided by the polar groups. This 
explains why, as the temperature is raised, the difference in D between the polar 
TGDDMlDDS resin and the less polar TGDDMIDDSfBMI ternary mixture is gradually 
reduced. In other words, the activation energy for water diffusion is higher when there are 
strong hydrogen-bonds with the network, and this has been experimentally demonstrated. 
The above effects are relevant from the point of view of the applications of these 
matrices in actual working conditions. In fact, if water is absorbed quickly but in the same 
way is readily desorbed, it has no possibility to reduce the T. of the matrix, since the 
plasticization effect is eliminated as the sample is heated at moderated temperatures. Thus the 
. 
increment of the diffusion coefficient for desorption has to· be considered an even more 
beneficial effect than the reduction of the equilibrium amount of absorbed water, in terms of 
improved environmental performance of the material. The present system provides an 
optimum situation in so far it achieves both effects. 
The above arguments are clearly demonstrated by the dynamic-mechanical 
measurements of wet samples (see Figs. 7 - 9, dotted lines). In particular, the gradual 
reduction of the low temperature damping peak in the tantS spectrum can be interpreted by 
assuming a faster drying of the sample in the conditions of the dynamic-mechanical test, as 
the BMI content in the network increases. Thus, for the IPN systems, a larger amount of water 
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is lost before reaching the first transition regIOn and the plasticization efficiency of the 
absorbed water is reduced, i.e. the low temperature peak is less pronounced and displaced 
towards higher temperatures to the point that it becomes a barely detectable shoulder on the 
left side of the principal transition in the TGDDMfDDSIBMI 100/30/100 mixture. 
Also of interest is the comparison of the storage modulus, E " versus temperature curves 
for the three wet samples examined: 
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Fig. 71. Storage modulus, E', as a function of temperature for the water saturated 
samples. Curve A: TGDDM/DDS 100/30; Curve B: TGDDMlDDSIBMI 100/30/50; 
Curve C: TGDDMIDDS/BMI 100/301100. 
From this comparison it emerges that the considerable reduction in modulus due to the 
plasticizing effect of water, which occurs in the plain TGDDMlDDS resin about lOoec below 
the main relaxation, is displaced at higher temperatures by increasing the BMI content, and 
tends to merge with the main relaxation. For the composition containing lOO part by wt of 
BMI the two inflections in the curve of E' versus T are no longer observed, but only a very 
slight and gradual decrease of modulus, corresponding to the onset of large scale molecular 
mobility at about 300e C. Thus, the networks containing a substantial amount of BMI 
overcome one of the main drawbacks of the tetrafunctional epoxy resin, that is a considerable 
drop of rigidity at temperatures well below the T g' under most environmental conditions. It is 
clear that the extent to which this effect takes place depends on several factors and, in 
particular, on the sample thickness and on the heating rate. Nevertheless, it may be safely 
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stated that the plasticizing efficiency of the absorbed water is gradually reduced as the amount 
of BMI in the network increases. 
5.2.2. Molecular interactions 
For all the investigated networks the spectroscopic analysis in the NIR frequency 
interval has clearly revealed the presence of signals arising from mobile water localized into 
excess free volume elements, which do not interact with the polymer network. In the pure 
BM! resin this is the only kind of absorbed water present, owing to the negligible tendency of 
such a network to form hydrogen bonding interactions. In the two TGDDM containing 
networks examined (the binary TGDDMlDDS resin and the 100/30/100 ternary 
TGDDMlDDSIBM! composition) was detected an additional signal arising from water 
molecules firmly bound to the network. The position of this band is close to that of S, water 
species found in water/acetone mixtures. Therefore the interaction stoichiometry corresponds 
to two proton acceptors per molecule of water (S,) and the interaction strength should be of 
the same order of magnitude as that for self-associated water molecules (~v = 540 cm·] for 
water absorbed into the networks, and ~v = 530 for water/acetone mixtures). 
In the light of the above considerations it is possible to propose the structures of the 
most likely adducts formed by hydrogen bonding associations in the TGDDM containing 
networks, as shown below: 
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The view of a penetrant population which is divided into highly mobile water molecules 
and static molecules bound to specific sites along the network is consistent with early HI 
NMR results (284) and with more recent investigations based on dielectric spectroscopy 
measurements (285, 286). 
On the other hand, the results presented herein seem, at a first sight, contradictory with 
the conclusions drawn by Jelinski et al. from quadrupole-echo NMR measurements (145). 
They claimed, in fact, that there is no evidence of tightly bound water in their bifunctional 
epoxy resins, and that essentially all the penetrant molecules are "very mobile". According to 
the above authors, the water molecules migrate across the polymer network through a 
'jumping" motion from one site to the nearest, with an approximate residence time per site of 
7 x 10-10 s. 
Recalling that the time required for the IR radiation to interact with the absorbing 
molecule is of the order of a few pi co seconds at most (i.e. in the region of 10-14 - 10-12 s), the 
water molecules which are seen as mobile in the NMR experiment, are static in the vibrational 
experiment, since their movements are more than two order of magnitude slower than the 
response-time of the measurement. Thus, the 'jumping" water molecules identified in NMR 
156 
experiments may well correspond to the S, species which produce the broad signal centred at 
6535 cm-' in the NIR spectrum. 
The statement that no tightly bound water is observed by NMR is not contradictory with 
the present results since, with this term the above authors intended to denote water molecules 
having residence times per site of 10-3 s or longer. 
In any case, previous NMR investigations and the present study provide strong evidence 
that sorbed water does not perturb significantly the hydrogen bonding network within the 
epoxy matrix. 
The most significant difference that emerges from the two probing techniques is that 
quadrupole-echo NMR spectroscopy does not detect unassociated water into the system, while 
a very clear signal associated with this "free" water moiety is observed in the NIR spectrum. 
The resolution of the different components in the NIR spectrum of sorbed water, 
together with the knowledge of their integrated absorption coefficients, has made it possible to 
make a quantitative estimation of the content of "free" and "bound" water. Since only the 
fraction of water bound to the network is expected to affect the longer relaxations associated 
with the glass transition, the NIR spectroscopy method devised herein makes it possible to 
determine the extent of the plasticization. 
This will have an enormous advantage over thermal techniques which rely on 
measurements of the depression of the T g in so far as water will desorb while the sample is 
being heated in the course of the experiment. 
For the binary TGDDMIDDS resin it was found that the relative amount of plasticizing 
water increases from 33 % for low contents of penetrant, up to 41 % at the equilibrium water 
uptake. This result is in close agreement with the estimation, by dielectric spectroscopy 
measurements, of the amount of bound water obtained by Grave et al. (285 - 287) for epoxy 
, 
systems of similar stoichiometry, which was in the region of 47 %. 
For the 100/301100 TGDDMlDDSIBMI composition both "free" and bound water were 
detected, but the relative amount of bound water decreased significantly with respect to the 
control resin, owing to the presence of the inert BMI network within the IPN-like structure. 
In fact, the fraction of bound water was close to 30 % irrespective of the total amount of 
penetrant absorbed into the sample. Therefore, the presence of BMI has a twofold positive 
effect: it reduces both the total amount of absorbed water and the fraction of water 
molecularly bound to the network. For the 100/30/100 composition, the maximum amount of 
bound water is 30 % of the total water absorbed (4.6 wt %), while, for the plain epoxy resin is 
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41 % of the total (6.2 %). Thus, in the lOO/3~/lOO composition there is a 20 % reduction of 
the total amount of absorbed water and a 45 % reduction of the plasticizing water with respect 
to the control resin. 
5.3. Thermal-oxidative degradation: kinetics and mechanism 
A valid mechanism for the initial stages of the thermal-oxidative degradation of the 
TGDDMIDDS resin has to account for the main findings of the kinetic analysis of the process 
carried out by FTIR spectroscopy. These may be summarized as follows: 
I. The aliphatic portion of the network is involved in the molecular breakdown process, 
both with respect to the methylene and methine groups, and with the hydroxyl groups 
which are eliminated during the process. 
ii. The para-disubstituted aromatic ring of the TGDDM unit undergoes a rearrangement 
which causes the loss of its aromatic character. In fact, any process limited to the 
breaking of the aromatic carbon to nitrogen bond ofTGDDM, which would result in a 
different disubstituted aromatic ring, would produce only a shift of the relative 
absorption peaks (16\3, 1510 cm·') rather than the observed drop of intensity. The 
same considerations apply to the para-disubstituted aromatic rings of the DDS unit, 
which are considerably more stable than those of the TGGDDM unit. 
iii. The oxygen attack causes the formation of several oxygenated species, among which 
aromatic and/or aliphatic aldeides and ketones, and amide groups have been clearly 
identified. 
The thermal-oxidative process may be conveniently approached by using the general 
autocatalytic mechanism proposed for hydrocarbon polymers, the so called basic autoxidation 
scheme (BAS) (288). This scheme includes all the important steps in oxidation and consists of 
, 
a radical chain reaction with degenerate branching. Although considerably simplified with 
respect to the multiplicity of possible reaction patterns, it has been found capable of 
describing satisfactorily the many features of the process. This consists in the following basic 
steps: 
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Initiation 
RH 02,.6 -=-'---... R-
Radical conversion (stabilization) 
R-+ 02 - ROO-
Chain propagation 
ROO- + RH - ROOH + R-
Degenerate chain branching 
ROOH --- RO- + OH-
OH-+ RH --- H20 + R-
Termination 
R-, R02- -- products 
One possible scheme to describe the degradation process starts with a dehydration 
reaction, on account of the fact that the thermal decomposition of TGDDMlDDS initiates with 
evolution of water (188, 278, 279). This process accounts for the slight weight loss (about 2.5 
%) observed in the initial part of the TGA diagram, prior to the onset of degradation (see Fig. 
53, curve A). The evolution of gaseous water is due to the dehydration of secondary alcohols: 
OH 
I 
-N-CH2-CH-CH2-N- -N-CH.-CH=CH-N-
o o o 
H2 S02 
• + H20 
o o o o 
N /, N /, N /, N /, 
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This process introduces a weak point at the allylic hydrogen position, which can be easily 
abstracted by radical species present in trace amounts in the starting material (hydroperox: Ule 
groups formed in the high temperature curing) or even directly attacked by 0" thus initiating 
the autoxidation sequence: 
• -N-CH2-CH~CH--N-
-N-CH-CH=CH2-N-
o o 
CH2 S02 R· • CH2 S02 + '-RH 
0 0 
N /, N /, /N, II 
N /, 
102,RH 
OOH 
I 
-N-CH-CH~CH--N-
CH2 ~ S02 + R. 
o o 
N /, N /, 
III 
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Thennal decomposition of the hydroperox tde species III gives rise to a degenerate chain 
branching sequence, so the evolution of the peroxide fragment can be envisaged as follows: 
o· 
-N : ~H-CH=CH-N-
o o 
o 
N N 
/'\.. /'\.. 
• 
-N 
H2 
0 
N 
/'\.. 
IV 
0, 
C-CH=CH2-N-/ 
H 
S02 
0 
N 
/'\.. 
Aldeide, 1720 cm- I 
This step is responsible for the breaking of the network's molecular structure and occurs 
preferentially at the position indicated because Structure IV is strongly stabilized by 
resonance (271, 289). 
• 
-N -N 
o 
• 
N /, N /, 
IV V 
Structure V, is a stable radical which ultimately evolves through vanous paths, for 
instance, by combination with O2 to fonn a hydroperoxi·de structure. In any case the p-
disubstituted aromatic structure is lost. This reaction sequence accounts for several 
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experimental findings: a) The decrease in concentration of O-H, C-H and aromatic rings, and 
the increase of carbonyl groups. b) the fact that, in thermal volatilization analysis (TVA) 
experiments, water was the principal gaseous product of degradation (188). c) the discovery 
that, in the thermal-oxidative experiments, the kinetic constants relative to the degradation of 
the O-H groups, the C-H groups the and para-disubstituted aromatic rings of the TGDDM 
unit, were very close to each other. Similarly, the final extents of conversion of OH groups 
and TGDDM aromatic rings were about the same. These findings may be rationalized in terms 
of the previous mechanism, by assuming that the dehydration of secondary alchools is the 
slow step of the sequence which controls the overall rate of the process. 
However, in terms of carbonyl species formed, the above mechanism does not account for 
the amide groups, which are clearly identified at 1680 cm· l . The formation of these species 
implies the rupture of the CH,-CHOH bond, which may originate from a concurrent path. One 
possible scheme may start with the chain propagation step occurring by abstraction of the 
tertiary hydrogen in the aliphatic unit (271, 272, 289), which yields the radical species VI, that 
initiate the following sequence: 
OH 
~'" "-/'~" ~ 
~ ~ 
/N" N /" 
VII VIII 
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The carboxylic acid group resulting from Structure VIII, may account for the absorbance 
increase at wavenumbers between 3300 and 3000 cm-I, in the spectra of the degraded sample_ 
The radicalic species VII, by adding oxygen, yields the amide group: 
VII 
It remains to be explained the significantly higher stability of the DOS unit with respect 
to the TGDDM unit. In fact, owing to the symmetry of the aliphatic unit around the 
OH 
-bH- group, the mechanisms outlined above have the same chance to occur towards 
the TGOOM or the DOS side. One obvious possibility to account for this effect is an 
hydrogen abstraction from the aromatic disubstituted methylene group of the TGDOM unit, 
which is not present in the DOS unit (271, 272): 
The stable radical IX is similar to structure IV and may evolve accordingly, with the 
disruption of the aromatic character of the TGODM nng and the fonnation of highly 
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conjugated structures which can be responsible for the strong colouration (darkening) of the 
sample after thennal-oxidation (271). 
Finally, it is to be mentioned that the etherification reactions which occur during the 
curing process, give rise to the species: 
-N--<:H,JH-Q---CH,--1:-CH-N-
o 
o 
x 
Structure X is also expected to be sensitive to thermal-oxidation, for example, by 
hydrogen abstraction at the tertiary carbon atom: 
XI 
XIII XII 
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Structure XII may than evolve either by chain transfer or by oxygen addition with 
consequent formation of a terminal carbonyl group. 
In summary, the thermal-oxidative degradation of the TGDDM-DDS network is a very 
complex process involving, simultaneously, several oxidative pathways. Some of the 
mechanisms that are more likely to occur have been outlined in the foregoing pages. Two 
main oxidative routes (probably competitive) may be identified, leading to carbonyl and 
amide groups, respectively. 
The mechanistic considerations developed so far, also apply to the TGDDMlDDSIBMI 
mixture, in view of the close coincidence of the time evolution of the spectrum of the ternary 
mixture with that of the pure epoxy resin during the thermal-oxidative experiment. 
It may be inferred that, in the IPN system, the TGDDM-DDS and the BMI networks 
undergo thermal-oxidative degradation independently of each other; there is no evidence of 
alternative mechanistic pathways introduced in the ternary mixture due to the presence of the 
BMI component. This conclusion indirectly supports the IPN molecular structure which has 
been hypothesized in the previous paragraphs on the basis of the spectroscopic and dynamic-
mechanical results. 
In fact, a copolymerization reaction involving the three components and giving rise to an 
intercross linked network, would have produced different chemical bonds with respect to those 
present in the TGDDMlDDS network. These bonds, with their own characteristic stabilities, 
would have introduced further degradation pathways, and, possibly, new oxidation products 
with respect to those observed for the epoxy resin. 
The kinetic analysis of the thermal-oxidative degradation of the ternary mixture confirms 
the above conclusions. In fact, the same model equation which satisfactorily describes the 
time evolution of the reactive groups in the plain epoxy resin (1" order homogeneous kinetic 
-model) is also able to simulate very efficiently the behaviour of the same groups in the ternary 
mixture. This suggests the similarity of the degradation mechanisms in the two cases. On the 
other hand, the same model equation is totally inadequate for describing the degradation of the 
BMI carbonyls in the same system, which again points to an independent and alternative route 
for these species. 
It is also informative to compare the values of the kinetic constants for the different 
groups in the binary and ternary mixtures. Within the same system, it is found that the k 
values relative to the O-H and aromatic TGDDM groups are very close to each other, while 
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the k values for the DDS aromatics is significantly lower. The ratio kTGDDM I kDDS is equal to 
2.2 in the binary TGDDMlDDS resin and 2.7 in the ternary mixture. 
The kinetic constants in the BM! containing system are about twice those of the binary 
mixture. In particular, (k' I k)TGDDM = 2.6, (k' I k)OH = 2.1 and (k' I k)DDS = 2.1, where the 
primed symbols refer to the ternary mixture. 
The fact that the rate of degradation of the TGDDMlDDS network in the IPN system is 
higher than that in the plain epoxy resin may originate from different effects. For example, it 
can be related to an increased amount of oxygen absorbed in the former network, which, in 
turn, could result from its more defective structure, as already pointed out in the preceding 
paragraphs. Another possible interpretation is related to the fact that, as shown in the section 
on the characterization of the molecular structure, etherification reactions are favoured in the 
ternary mixture, with formation of an increased number of small cyclic structures. If these are 
more sensitive to oxidation than the groups resulting from epoxy-amine addition, an enhanced 
thermal-oxidative sensitivity of the TGDDMlDDS network is to be expected in the BMI 
containing system. 
It is to be noted, however, that, in terms of the final conversion of the various groups, the 
two systems investigated do not differ substantially. 
The BMI component in the ternary mixture degrades to a significant extent although the 
relative consumption of BM I carbonyls is lower than that of the most oxygen sensitive groups 
of the TGDDMlDDS network. The BMI degradation in the IPN system is much extensive 
than in the plain BMI resin (see Fig. 69). This effect is likely related to the much larger 
amount of oxygen absorbed in the IPN system with respect to the BM! resin which is an 
extremely tight network, with a very high cross-link density. 
Furthermore, in the ternary mixture the relatively high concentration of radicalic species 
generated in the TGDDM-DDS network will contribute to the initiation of the degradation 
sequence of the BM! component by chain transfer to the disubstituted methylene, thereby 
accelerating the process in comparison to the plain BM! resin where such initiation step does 
not occur. 
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6. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
6.1. Conclusions 
I) The conclusions that can be drawn from this study In relation to the molecular 
structure of the TGDDMlDDSIBMI networks are as follows: 
a) The two cross-linkable components, TGDDM and BMI, form free networks in the curing 
process without any interlinking reactions, i.e. the epoxy resin cross-links through the 
addition of the DDS hardener, while the bismaleimide homopolymerizes independently 
via a radical chain growth mechanism. The BMI network grows at a faster initial rate than 
that formed by the TGDDMlDDS pair. The BMI polymerization induces a molecular 
mobility effect which enhances side reactions in the TGDDMlDDS network, and, in 
particular, the formation of small cyclic structures thereby reducing the overall cross-
linking density. Modelling of the curing process confirms that the BMI mono mer and the 
TGDDMlDDS pair cross-link independently. The model predicts with great accuracy the 
kinetic behaviour of TGDDM both in the plain epoxy resin and in the 100/301100 
TGDDMlDDSIBMI mixture, indicating that a similar reaction mechanism operates in the 
two cases. Analogously, a different model equation is able to simulate the conversion 
profile of BM I in the pure resin and in the ternary mixture. 
b) Despite the difference in the growing rates of the two networks, a substantial degree of 
interpenetration takes place, forming an IPN structure which is molecularly 
homogeneous, at least to the scale of the dynamic-mechanical analysis, i.e. to the length 
of the molecular segments responsible for the primary relaxation mechanism. 
2) With respect to the water sorption characteristics, it can'be concluded that: 
a) Increasing the BMI content in the mixture decreases the water uptake at equilibrium but 
increases the rate of diffusion. Confirmation of higher diffusion coefficients for the BMI 
containing systems with respect to the control material can be readily obtained by FTIR 
spectroscopy measurements in the near infrared interval, carried out in the desorption 
mode. The activation energy for the diffusion process decreases from 9.5 kcal mol-' in the 
epoxy resin to 6.5 kcal mol-' in the 100/30/100 TGDDMlDDSIBMI mixture. The above 
effects, which are relevant from the point of view of the environmental performances of 
the material, have been attributed to a more defective molecular structure of the IPN 
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network and to the reduction of active sites capable of forming molecular interactions 
with water. This hinders the molecular mobility of the penetrant and reduces its rate of 
diffusion within the network. 
b) From FT-NIR spectra it is possible to separately observe mobile water localized into 
excess free volume elements (microvoids) and not interacting with the polymer network, 
and water molecules bound to the network through hydrogen-bonding interactions. 
Moreover, FT-NIR spectroscopy can also provide a quantitative estimation of the amount 
of bound water in the system, which is responsible for the plasticization effect. The 
fraction of bound water is 41 % of the total (i.e. 2.5 %) in the binary TGDDMlDDS 
mixture and 30 % of the total (i.e. 1.4 %) for the 100/30/1 00 TGDDMlDDSIBMI ternary 
mixture. Thus the presence of BMI in the system induces two beneficial effects: it reduces 
the equilibrium water uptake and reduces considerably the fraction of bound water which 
is responsible for plasticization of the network. 
3) In relation to the thermal-oxidative stability, it IS possible to draw the following 
conclusions: 
a) The BMI containing networks display a significantly higher stability than the binary 
TGDDMlDDS resin. This is confirmed by isothermal FTIR spectroscopy measurements 
of the initial stages of the thermal-oxidative process. These studies have revealed that for 
the plain epoxy resin it is possible to monitor simultaneously the degradation of several 
functionalities, namely the O-H and C-H groups and the disubstituted aromatic rings of 
TGDDM and of DDS, which makes it possible to rank their relative stability. All the 
conversion profiles follow a first order homogeneous kinetic model and the O-H, C-H 
and aromatic TGDDM groups have similar values of the kinetic constants, while the DDS 
-aromatic rings degrade at a significantly slower rate· at to a lesser extent. The 
spectroscopic analysis has also been able to verify the most probable reaction 
mechanisms, monitoring the time evolution of the FTIR spectra. 
b) The spectroscopic study has also demonstrated that the time evolution of the infrared 
spectrum for the 100/30/100 TGDDMlDDSIBMI resin is very similar to that of the binary 
TGDDMlDDS mixture. This indicates that, in the IPN system, the TGDDM-DDS 
network degrade in the same way as it does in the binary mixture. There is no evidence of 
alternative mechanistic pathways introduced in the system due to the presence of the BMI 
component. 
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c) The kinetic analysis performed on the O-H, C-H, aromatic TGDDM and aromatic DDS 
groups has revealed the same relative stabilities as for the binary mixture, showing that 
the DDS aromatic groups are less susceptible to thermal-oxidation. Also in this case the 
first order homogeneous reaction model appropriately describes the kinetic behaviour of 
the various functionalities. However, the degradation rates of all the reactive groups is 
significantly higher in the ternary mixture than in the binary, while the final conversion 
values are comparable. This effect is tentatively ascribed to an increased amount of 
absorbed oxygen in the IPN system, owing to the more defective and looser network 
structure. The BMI component in the ternary mixture also undergo significant 
degradation, but to a considerably lesser extent than the more oxygen sensitive groups of 
the TGDDM-DDS network. The lower degradation rate and conversion of BMI 
represents the underlying reason for the enhanced stability of the ternary mixture as 
compared to the binary TGDDMlDDS resin. 
6.2 Suggestions for further work 
One extension of the present work could be the formulation of BMI modified TGDDM 
resins using anhydride hardeners in place of aromatic diamines. These systems should be of 
interest for several reasons. The epoxy/anhydride networks are more flexible than their 
epoxy/amine counterparts and exhibit lower Tg values. Therefore, the increase in T. brought 
about by the BMI component is expected to be more significant than that obtained for the 
TGDDMlDDS systems. The anhydride cured TGDDM has also been reported to exhibit an 
oxidative stability lower than that of the DDS cured resin (290). Thus, the stabilization effect 
induced by the presence of BMI could be even more pronounced than that achieved for the 
TGDDMIDDS resin. Furthermore, nadic methyl anhydride readily dissolve TGDDM and 
-BMI, forming very processable, low viscosity solutions. This could make it possible to obtain 
a ternary TGDDMI AnhydridelBMI system with a wide range of compositions and, in 
particular, systems very rich in BM!. These cannot be prepared when using DDS as hardener, 
because of solubility limitations. 
From a more fundamental point of view, the spectroscopic approach to monitor the 
transport of water which has been developed in the present work, appears to be very 
promising for investigating any systems based on epoxy resins. In particular, the study of the 
molecular interactions between the diffusing water and the polymer network can be readily 
extended to anhydride cured resins, for which the structure of the hydrogen-bonded adducts 
169 
and the interaction strengths are completely different from those in amine cured resins. In this 
respect, a systematic investigation is also useful for epoxy resins modified by addition of a 
second elastomeric or thermoplastic component which reduces the tendency of the resin to 
absorb moisture. These studies can greatly help in elucidating the molecular mechanisms 
governing these effects, which are still incompletely understood. It is to be noted that the FT-
NIR spectroscopy technique for studying water diffusion is by no means limited to epoxy 
resIns. 
With respect to the thermal-oxidative investigations, the use of complementary 
spectroscopic techniques other than FTIR, such as UV-Visible and solid-state NMR, can help 
to obtain a more complete picture of the processes involved. This information would permit a 
more detailed mechanistic description of the phenomenon. However, in the light of the 
mechanisms outlined in the present work, it is already possible to devise a valid strategy for 
stabilization, by using phenol or amine antioxidants. The time-resolved FTIR spectroscopy 
technique employed in the present work for investigating the kinetics and mechanism of 
thermal-oxidation, appears to be very well suited to test the efficiency of these additives. 
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